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Abstract

RESONANT BRILLOUIN SCATTERING STUDIES OF THE A-EXCITON
IN CADMIUM SULPHIDE
by
James Peter Wicksted

Adviser: Professor Herman Z. Cummins

High resolution resonant Brillouin scattering was performed in the
vicinity of the A-exciton in cadmium sulphide. The experimental arrange-
ment, which consisted of a single mode dye laser, triple-pass Fabry-Perot
interferometer and a grating spectrometer, enabled Brillouin shift, line-
width and intensity measurements to be made on multi-Brillouin components.
These components result from the scattering between acoustic phonons and
propagating exciton-pclariton modes in the crystalline medium.

In an attempt to identify the correct additional boundary condi-
tion (ABC) which is needed in describing the simultaneous propagation of
two exciton-polariton modes, a theoretical external differential scatter-
ing cross section calculation was developed via a factorization procedure.
This calculation allowed a quantitative comparison between experiment and
theory.

The important results of this research are now given.

1. The observation of the inner polariton branch participating in
the one phonon scattering processes [both interbranch (1-2'), (2-1')
and intrabranch (1-1')] between exciton-polaritons and acoustic phonons.
These additionally observed Brillouin components have resulted in re-

vised values for the A-exciton parameters.

iii



2. Broadening of both the Stokes LA (2-2') and TA (2-2') 1line-
widths has been observed as a function of incident laser frequency.
These measurements, however, suggest that the exciton damping para-
meter, [, may not be a constant but instead a monotonically increasing
function of incident frequency w; for Wy > Wy

3. Comparisons between the experimental intensity measurements
and the theoretical external scattering cross sections for both
Stokes LA (2-2') and TA (2-2') components suggest that the additional
boundary condition formulated by Ting et 31(23) results in the best
agreement between experiment and theory.

4. The intensity ratio between the Stokes LA (1-1') compoment
and the Stokes LA (2-2') component is 100 times smaller than theoreti-
cally predicted even though the general trend of the LA (1-1') inten-
sity as a function of incident frequency follows these same theoretical
predictions for any of the three ABCs.

5. Least square fits between theorepical and experimental re-
flectivity expressions were also made. Each ABC results in a reasonably

good fit with experiment when a dead layer is included in the analysis.
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CHAPTER 1

INTRODUCTION

In 1972, Brenig, Zevher and Birman(l)(BZB) extended the theory
of resonant Raman scattering to include light scattering from acoustic
phonqns by considering the role of exclton-polaritons as intermediate
states for Brillouin scattering occurring near an exciton resonance.
This theory, known as resonant Brillouin scattering (RBS), opened new
fields of research on crystals which exhibit spatial dispersion.
Subsequent experiments were quite successful in illustrating many of
the kinematic predictions of the theory. However, other important
theoretical results concerned with polariton life~times and additional
boundary conditions (ABC) remained experimentally unresolved.

The present research discussed in this thesis is experimentally
designed to explore these additiomal results of the theory in the
wurtzite semiconductor cadmium sulphide. This is made possible by
the incorporation of higher resolution apparatus into the RBS exper-
ments.

Before continuing with the theoretical and experimental dis-
cussions on RBS, some introductory discussion is necessary concerning
the polariton concept, spatial dispersion, and the necessity of an
additional boundary condition.

A. THE POLARITON concept (3

Polaritons are composite quasi-particles which are formed by the
coupling of light to polarization modes in a dielectric medium. Two
examples of the polarization (crystalline) modes are phonons and

excitons.



(4) (5)

Huang in 1951 and Poulet in 1955 explored the mixing of

electromagnetic waves with polar optical phonons classically. A

(6)

quantum mechanical treatment was given in 1956 by Fano. In 1958,

the bilinear coupling between photons and stationary (infinite mass)

(7

excitons was carried out via secound quantization theory by Hopfield.

The coupling of photons to propagating excitons was first treated
(8)

quantum mechanically by Pekar

(9

in 1957 and later treated classically
by Hopfield and Thomas in 1963.
The subject of polariton-mediated light scattering has been dis-

cussed in several review articles.(lo-la)

In this thesis, the scatter-
ing of acoustic phonons by photon-exciton polaritens in the vicinity

of an excilton resonance will be studied. Such scattering processes

are particularly interesting when the excitons considered have finite
effective mass. In this case, the exciton energy dispersion results

in the medium becoming strongly spatially dispersive.

B. SPATTAL DISPERSION(Z)

1., Definition and the Non—local Response of the Medium

The variation of the susceptibility (or dielectric) tensor of a
medium with wavevector 1s referred to as spatial dispersion.

Consider an electromagnetic wave of frequency w and wavevector 4
propagating in such a medium which is also assumed to be homogeneous,
linear and isotropic. The induced polarization B (E, w) can be
related to the electric field E (k, w) of the wave through the
susceptibility

P K,0) = x(k,u) E (&k,n) (1.1)



The physical significance of the dependence of the susceptibility on

X can be seen by first writing

E(x,0) = ff%%TT E(k,w) exp (1k-X) (1.2)

which is the electric field at position ¥ in the medium. If a similar

expression is assumed for F(;,m) and if we let

->
di

x(x-%",u0) = OR x(K,w) exp [ike (x~x')] (1.3)
then Eq. (1.1) becomes
P o(x,u) = [ dx' xG-x',w) B(&',w) (1.4)

This result imples that if y depends on k, then the polarization
at x depends not only on the magnitude of the electric field at x but
also on the value of the field in a neighborhood surrounding ;; Thus,
the spatially dispersive medium exhibits a non-local response to the
electric field.

2., Excitonic Spatial Dispersion and the Necessity of an Additional
Boundary Condition

In 1957, Pekar(g) investigated the effects of excitonie spatial
dispersion in crystalline solids. Utilizing the wavevector dependent
kinetic energy expression of an exciton with finite translational
effective mass, Pekar developed a differential equation of motion
for the polarization of a single dipole active exciton:

2
(_g_t_z_ + w, - ﬁ;;;o 72 + r _g?) F(;’t) = aou,)% E(;,t) (1.5)

; - >
where m* is the effective translational mass of the exciton and E(x,t)

is a macroscopic electric field which drives the polarization. The



other parameters w,, [, «, are the exciton resonance frequency, damp-
ing constant and oscillator strength respectively. Assuming plane
wave solutions for P and ﬁ, Eq. (1.5) results in an expression equiva-

lent to Eq. (1.1) with the non~local susceptibility (known as the di-

electric approximation model)(g) given by
: 2
-+ o w
a -] [-]
X(k,m) Xb woz_m2+nw° kz-imI‘ (1-6)
m*

where X is a background susceptibility. The combination of Eq. (1.6)
with Maxwell's equations results in the exciton-polariton dispersion
curves which will be discussed in detail in Chap. Im.

As Pekar originally discovered, two propagating polariton modes
can simultaneously exist in a spatially dispersive medium with the same
frequency and polarization (see Fig. 4-2). For light normally inci-

dent on the boundary of this medium with frequency w>w_, the ampli-

L
tudes of these two transmitted polariton modes and of the reflected
wave cannot be ascertained solely from Maxwell's boundary conditions.
An ad¢itional boundary condition (ABC) is needed to determine the
amplitudes of the two transmitted modes.

C. ADDITIONAL BOUNDARY CONDITIONSClS)

A brief history on the origin of the three most frequently dis-
cussed ABCs will now be given.

@) is based on the condition

The first ABC, present by Pekar,
that the total exciton polarization must vanish at the crystal

boundary:

P = Qatx=20 (1.7)



where the x-axis is perpendicular to the crystal surface, and PExi
denotes the exciton polarization associated with the LEE transmitted
wave, Pekar asserted that Eq. (1.7) should be the ABC to supplement
the Maxwell boundary conditions after showlng that the crystal boun-
daries turned out to be nodal surfaces for the exciton wavefunction,
as well as for the dipole moment associated with the exciton.
The first experimental evidence of an excitonic spatially dis-

persive medium was observed in reflectivity measurements performed

(9)

by Hopfield and Thomas at the n=l A-exciton state in cadmium
sulphide. The low reflectivity maximum observed in these studies in
addition to the anomalous splke seen near the longitudinal exciton
frequency could not be explained by the simple classical dielectric
model (this model is represented by Eq. (1.6) with m* set equal to
infinity). These authors then incorporated spatial dispersion into
thelr analysis by utilizing the dielectric approximation for the non-
local susceptibility along with the Pekar ABC [Eqs. (1.6) and (1.7)].
They also incorporated a ''dead" layer into their analysis. This
"dead" layer was considered to be an approximation of a repulsive
image potential that an exciton encounters as it approaches the
crystal surface and, thus, a region in which the exciton could not
exist, Using this approach, a very clear account of the ancmalous
structure seen in the CdS reflectivity could be given. [However,

it should be noted that reflectivity experiments are very sensitive
to the crystal surface quality. For example, certain samples have

(16)]

shown the anomalous spike while others have not.



Subsequently, Birman and Sein,(l7) Maradudin and Mills,(ls)

(19) (20,21) | jependently explored the ABC

Agrawal et al and others
problem with Maxwell's equations rather than from a phenomenological
approach. These groups discoverad that once a particular non-local
susceptibility is chosen, the resulting ABC can be determined through
either an integral or differential equation formulation of the electro-
dynamics of the non-local medium with no further assumptions being
necessary. For example, when the dielectric approximation for the
susceptibility [Eq. (1.6)] is chosen, the resulting ABC 15(17-19)

2 PExi

G (g ng) G o)

=0 atx =0 (1.8)

where Ogy is the refractive index of the LEE transmitted polariton

mode, €y 1s a background dielectric constant and

.1 [m*cz 1/2

n =
e
w ﬁm°

{mz—mf + iwl}]

where n, is just the refractive index for the uncoupled exciton.
It should therefore be noted that the ABC given by Pekar in Eq. (1.7)
is not a mathematical consequence of the dielectric approximaticn
given by Eq. (1.6).

A more microscopic approach for finding ABCs was given by Zeyher

(22) in 1972. This approach suggested that different ABCs for

et al
exciton-polaritons can arise from different assumptions about the
reflection of an exciton at the crystal surface. The wavefunction

describing the center of mass motion of the exciton can be approxi-

mately expressed as:



t, (Ew) "800 [elkaX 4 o, glha®) ohyY JThzz (g g

where ro Is the exciton reflection coefficient and 6(x) is a step
function. These authors showed that for tightly bound (Frenkel)
excitons which are totally reflected from the crystal surface, ry, = -1
and the ABC which was originally proposed by Pekar [Eq. (1.7)] is
obtained. However, for excitons absorbed at the crystal surface,

(23)

o = 0 and the ABC given in Eq. (1.8) results. Ting et al showed
that for Wannier excitons whose wave-functionms can be approximated
by letting re, = 1 in the above expression, the following ABC
results:

2

n. P
igl €1 Exy

a 0 at x=0 (1.10)

The three abes [Eqs. (1.7), (L.8), (1.10)] are now listed below
and expressed in terms of the electric field amplitudes E; associated

with the two transmitted polariton modes;

ABC 1 [Pekar;<8) Zeyher, Brenig and Birman(zz)j
2 2
151 (i, - s) E1=0 (1.11)
ABC 2 [Ting, Frankel and Birman;(zj) Agranovich and Ginzburg(zo)}
2 - 2
iél ac, (ng, = &) Ey = 0 (1.12)



(17) (19)

ABC 3 [Birman and Sein; Agrawal, Pattanayak and Wolf;

Maradudin and Mills(la)]

2 Ey
(n. -ne) =0
i=] Cy

1  m*c? 1/2
ne 3 = [EE:_ {mz-m%+imr}] (1.13)

D. RESONANT BRILLOUIN SCATTERING

1. Predictions of the Theory

The predictions of the resonant Brillouin scattering theory
presented by Brenig, Zeyher and Birman(1) will now be given with the
use of Fig. 4-4. The upper (1) and lower (2) dispersion curves
shown in this figure are the two exciton-polariton branches. The
derivation of the exciton-polariton dispersion relation resulting
in these curves along with fhe discussion of the Brillouin scattering
kinematics will be given in Chap. IV.

As the incident laser frequency w. is scanned upwards through

I
the exciton resonance, (i) there should be a rapid increase in
Brillouin shift due to the curvature of the lower polariton branch
near w, in addition (ii) to an increase in the Brillouin linewidth,
while for wp above the onset of the upper polariton branch (mI>m2),
(1iii) a Brillouin octet resulting from intermediate states on both
exciton-polariton branches replaces the usual Brillouin doublet which
is observed well below W, e It should be noted that since the two

polariton branches are very sensitive to the exciton parameters (see

Chap. IV) the dependence of the Brillouin shifts and widths on incident



frequency should also be very sensitive to these parameters - the
former particularly on the exciton mass and the latter on the exciton
damping constant. The damping constant value is important in the
estimation of polariton lifetimes. Finally, (iv) the scattering
cross section for the different Brillouin components should be sensi-
tive to the ABCs and be strongly frequency dependent in the exciton
resonance region.
2. Previous RBS Experiments(ll-ls)

I will now briefly summarize previous RBS experiments performed
on crystals of various crystal structures. It should be noted from
the discussion in the preceding subsection, that the experimental
measurements of Brillouin shifts and widths as functions of frequency
will result in values for the exciton parameters while cross section
measurements should provide information concerning ABCs.

a. Zincblende Structure

In 1977, Ulbrich and Weisbuch(ZA)

employed a tunable near-infrared
dye laser as an exciting source to study the 1S exciton resonance formed
by the FG conduction band and Fa_valence band in the IIT-V compound
gallium arsenide. Utilizing a [100] backscattering configuration and
analyzing the scattered light with a grating spectrometer, they were
able to observe near resonance, the enhancement of the Brillouin
intensity, the Brillouin shift dispersion and the multi-Brillouin
components resulting from the interbranch and intrabranch longitudinal

acoustic (LA) phonon scattering between two exciton-polariton branches.

A two branch model was also used to explain the RBS experiments per-



formed in the [110] direction where now both transverse and longitu-
dinal phonon scattering between polariton branches was observed,
although the former (TA) is normally "forbidden" by deformation
potential section rules, Similar results, by the same group, were
obtained from the RBS experiments performed on the II-VI compound
CdTe.(ll)

A three polariton branch model, however, was needed to explain
the RBS data obtained from the semiconductor ZnSe. Sermage and

Fishman,(zs)

also utilizing a tunable dye laser and a grating spectro—
meter, performed RBS experiments in both [100] and [110)] backscattering
configurations, the latter direction once again showing both TA and LA
phonon participation.

For crystals of zincblende structure, the degenerate Fs valence
band results in two distinct exciton bands, each of which can couple
with an incoming photon yielding owverall a three exciton-polariton
branch system. These two excitons are distinguishable via their
effective tramslational masses, one exciton having a larger mass than
the other. Both of these "light'" and "heavy" excitons have been ob-
served to participate in the RBS data of ZnSe. However, only the
heavy exciton contributes to the RBS process in GaAs.

It should be also be noted that only one phconon scattering

processes were observed in all the RBS data on cubic zincblende

crystals.
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b. Wurtzite Structure

Perhaps the crystal which has had its Raman and Brillouin compo-
nents most extensively studied in the region of an exciton resonance
is the II-VI semiconductor CdS. Even prior to fhe RBS predictions

by BZB, Pine(26)

had investigated the Brillouin spectrum of CdS by
temperature tuning its 1§ A-exciton toward a fixed-frequency (6323A°)
laser. He observed a strong resonance enhancement in the LA Brillouin
cross section as the frequency of this exciton was lowered (via in-
creasing crystal temperature) towards the laser frequency. This
temperature tuning technique was also utilized by Bruce and Cummins(27)
who observed both resonant dispersion and enhancement of the LA
Brillouin component while the A-exciton's frequency was lowered toward
the 4880A° line of an argon laser. However, the two branch features
predicted by BZB could not be observed due to severe broadening
effects at the temperature required to achieve resonance. Both of
these studies used Fabry-Perot interferometry to analvze the scattered
light.

(28)

In 1977, Winterling and Koteles utilized an experimental
setup similar to the one used in the GaAs studies (dye laser and
grating spectrometer) to perform RBS experiments from both the n=1

A and B-exciton rescnances in CdS. For the A-exciton, both LA and TA
phonons were observed in the backscattering setup used with incident

laser wavevector perpendicular to the hexagonal c-axis. Only intra-

branch scattering involving the outer excitom-polariton branch could

11



be observed in these one phonon scattering processes. Inner branch
participation, however, was witnessged in a two-phonon scattering
process(zg) which occurred when the incident laser frequency was
above the longitudinal exciton frequency. These two-phonon effects
are possible due to the anisotropic and plezoelectric properties of
CdS (the latter effect also being responsible for the observation
of the "forbidden'" TA phonon which was first observed in CdS(30) -

see Chap. II, Sec. B). The B-exciton was also investigated by this
same group.(31) These RBS experiments proved to be extremely inter-
esting since this exciton resonance was shown to exhibit either a two
or three branch behavior for the incident laser light polarized either
parallel or perpendicular to the crystal c-~axis. This three branch
behavior results from terms linear in wavevector in the B~exciton
energy which produces a mixing among its ground states. As in the
A-exciton case, both TA and LA one phonon scattering was observed,
although no two phonon scattering processes were seen.

Yu and Evangelisti(Bz) have also carried out an investigation of

RBS in CdS. They have considered the role of the ABCs in determining
the cross section, as proposed by BZB, and have suggested a new model
for the CdS surface including, following Hopfield and Thomas, a surface
"dead layer' with a large damping constant with which they were able
-to fit their cross section data reasonably well.

(33)

Broser and Rosenzwelg have recently performed RBS experiments

on CdS while the crystal was subjected to high magnetic fields (ﬁ L ).



Due to the field induced mixing and splitting of the allowed PST and
forbidden FG states of the A-exciton (see Chap. II, Sec. D) a three
polariton branch model was used to f£it the Brillouin shift data. The
. LA Stokes line corresponding to outer branch scattering at H = 0 was
seen to split into three sub-lines with increasing magnetic field.
For a fixed field, the Brillouin shifts of these three lines were
theoretically fitted by congidering interbranch and intrabranch LA
phonon écattering between the two outer polariton branches only.
These fits resulted in the determination of the singlet (FST)‘—
triplet (T.) energy splitting. Corresponding splitting of the TA
Stokes-line could not be resolved in these experiments.

Cadmium selenide is another II-VI wurtzite semiconductor in

(34) In addition

which RBS has been iﬁvestigaced by Hermann and Yu,
to observing similar LA and TA scatterings as in the case of CdS,
non-wavevector conserving scattering processes involving defects were
also observed near the A-exciton in CdSe. No two phonon scattering
procesgses were observed, however. A two branch model was used to fit
the measured Brillouin shifts which resulted solely from outer polari-
ton branch scatterings.

c. Other Crystal Structures

The 1ayefed semiconductor HgI2 was lnvestigated near its

(35) This semiconductor, like CdS, is

A-exciton by Goto and Nishina.
highly anisotropic with single LA phonon scattering being observed in

the {001] direction while both LA and TA scattering processes were

13



witnessed in the [201} direction. All Brillouin shift data was
fitted using a two-branch model.
The n = 2 P yellow exciton state in the cubiec crystal CuZO has

. recently been investigated by 50(36)

using RBS. This exciton state,
however, is only weakly dipole allowed and does not couple very
strongly to photons. Only the photon-like inner polaritom branch

was observed throughout the resonance region of this exciton state.

E, PRESENT STUDY - CdS

The motivation to study CdS stems from past RBS and reflectivity
experiments which were described earlier in this chapter. These
studies have illustrated very clearly the spatial dispersive features
associated with the A (as well as the B) exciton.

The purpose of the current research will now be discussed. First,
it should be noted that most of the RBS experiments reviewed in Sec. D
employed a grating spectrometer for the spectral analysis of the
scattered light which precluded measurements of linewidth. Additionally,
for CdS, no inner polariton branch participation was observed in the
one-phonon RBS spectra. In order to extend these previous RBS investi-
gations, higher resolution is clearly desirable. This can be accom-
plished by placing a triple pass Fabry-Perot interferometer in series
with a tandem grating spectrometer. A single mode dye laser is used
to excite the exciton resonance while the crystal temperature is main-
tained at 4.2°K in order to reduce phonon related broadband background

emission. Using this experimental technique, accurate measurements of

14



Brillouin shifts resulting from scattering between both polariton
branches can be obtained, yielding more accurate determinations of
the exciton parameters (e.g., effective mass, transverse frequency,
LT splitting). In addition, linewidth measurements of various
Brillouin components can be recorded yielding information on polariton
lifetimes.

Second, the work of Yu and Evangelisti can be extended by
measuring both reflectivity and Brillouin scattering spectra from
the same CdS samgle, as was previcusly done by Bruce and Cummins.
Since the electromagnetic boundary conditions enter into both the
reflectivity and the Brillouin scattering cross section, self consis-
tent £its to both sets of data can provide a more rigorous test of
proposed ABCs than can cross section data alone,

F, CONTENTS OF OTHER CHAPTERS

The properties of the CdS crystal, including its normal modes,
energy levels and exciton series are discussed in Chap. II. In
Chap. I1I, a polariton formed from the coupling between an eletro-
magnetic wave and a local polar electronic resonance is examined in a
classical dielectric medium. A nonlinear coupling between this polari-
ton and the strain associated with a loungitudinal acoustic mode is
established. A4n expression for the intermal differential scattering
¢ross section describing the polariton-acoustic mode scattering process
is obtained. A similar analysis is made in Chap. IV, but with the

polariton-phonon scattering process occurring in a spatially dispersive

15



medium and with a quantum mechanical (rather than classical) approach,
In both chapters, the connection between the internal and external
differential scattering cross sections is established via the

factorization procedure:

da- L Tw)T (wg)  (do
(5o - I s [dQ]INT (1.14)
' ng (wg)

Here T(mI) and T'(ms) are the inecident and scattered transmissivity
factors relating photons ocutside the crystal to polaritons inside.
These factors are especially important for the spatially dispersive
medium since they both are extremely sensitive to the ABCs. The
ngﬁns) term in the denominator of Eq. (1.14) is the refractive index
"of the scattered polariton which results from the solid angle correc-

tion factor:

INT
(dQ 1 {1.15)
doEXT 2
ng (ug)

The experimental arrangements for the RBS and reflectivity experiments
are described in Chap. V. In Chap. VI, the results of the RBS and
reflectivity experiments performed near the A-exciton in CdS are pre-
sented. These results are then discussed in Chap. VII together with

suggestions for future experiments.
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CHAPTER II
CdS STRUCTURE AND PROPERTIES

A, UNIT CELL, GROUP SYMMETRY AND THE CHARACTER TABLE

Cadmium sulphide crystallizes in the wurtzite structure which belongs

(37) As shown in Fig} 2-1, the wurtzite unit cell

to the C;v space group.
contalns four basis lons: two cadmium ions (cations) located at (0, 0, 0)
and (a/3, 2a/3, ¢/2) and two sulphur ioms (anions) located at (0, 0, u) and
(a/3, 2a/3, utc/2); The conventional hexagonal axes (ii, 32, 33) have been
used with lattice parameters a = 4.16;, c = 6.75; and u = 0.375c. Each
basis ion represents a hexagonal Brav;is lattice where every cation has
four anions as nearest neighbors positioned at the cormers of a tetahedromn.
Both Ehe cations and anions have gite symmetry CBV'
The symmetriés of normal modes in the long wavelength limit, as well
as the symmetries of-electronic bands at the zone-center can be determined
by neglecting translétions and considering only the symmetry operations of
the macroscopic point group C6V' The effects of spin are described by
the crystal double group, the character table of which 1s given in Table

2-1.

B. NORMAL VIBRATIONAL MODES

The presence of four ilons per unit cell in CdS results in twelve
normal vibratiomal modes, A group theoretical analysis using Table 2-1
predicts that the twelve Brillouin zone-center modes have the following
symmetries: 2I‘l + 2T, + ZFS + 2I'c.. An inspection of the character table
shows that both the components of a vector as well as the elements of the
polarizability tensor.transform according to the non-degenerate [, and
the doubly degenerate FS representations. Two of these (Pl + rs)

account for all three acoustic modes, while the second pailr accounts for

17



boch infrared and Raman acrive optic modes. Further inspection af the

character table shows that the two doubly degenerats I; modes are also

Raman active and the two U, modes are both infrared and Raman inactive.

The ionic displacement (phonon polarizatiomn) for the T, and FZ

-

modes is along the z-axis (c-axis), while for the doubly degensrate . and

3
PG modes the displacements are in the xy plane. The infrared active Fl

and Fs medes result from the anions and cations moving in opposite phase,

wiile the Ps and FZ modes resul: from like ions moving in opoosita phasa.

- 4 . A :
The frequencies of the normal optic modes(fp)have teen measured evperi-

mentally by infrared absorption,(&l) infrared reflectivi:y,(&Z) fluores-

(63) (44>

cence, and Raman scattering. The results of the Raman scatter-

ing experiments are shown in Table 2-2, Note that for infrared active

modes (1"1 and 7_), the macroscopic elecﬁric fiald associzced with the

5

longitudinal phonons lifts the degeneracy of the transverse and longl-
tudinal phonons.

The frequencies of the normal acoustic modes are very much smalilar
than those of the normal optic modes near the zone-centar. Thus, the
3rillouin specsrum 13 restricted to a spectral region which 15 auch
smaller than chat of the Raman spectrum.

The properties of the loung wavelangth acoustic mode can be derived

by considering che crystal as an slascic c¢oncinuum and applying zhe

(43, 48)

classical theory of slasticity. The generalized Hooka's law

ralating the stress and strain tensors are:

Si.j = cij,_q 3, (L4, 3, %, . =1, 2, B 2.0

whars the S_.j are che zomponents of che saccond-rank stress taanseor, Sy
s =4

are the componanss of the secoud-rank scrain censor associated with the

acoustic pode and CJik} ara the elas:tic sziffness constancs. The
AN A
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Structure:

Lattice Parameters:

2 Cadmium

Unit cell of CdS

=]

a=4,16A

u = 2.53A
Positions

{0,0,0)a, (a/3,2a/3,c/2)
(0,0,u), (a/3,2a/3,u+c/2)
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Space Group: C“

Hexagonal Unit

Vectors
a, = ax ~
A d-a /3 -
= —
a, = cZ
2

6v

Site Symmetries

C3V

L'3V



TABLE 2~1  CHARACTER TABLE AND BASIS FUNCTIONS

FOR THE GROUP C, @&

Character table taken from Ref. 38, p. 67.

r E ‘E | %% 2C3  2C, 2C§‘I2§6 &g;g. :;; . Basis Functions
ri{1r 1 1 1 1 1 1 1 x%+y?, 22 z
,|1 1 1 1 1 1 31 =1 -l Ry
rslx 1 -1 1 1 -1 -1 1 -1 x3-3xy?

T, |1 1 -1 1 1 -1 -1 -1 1 yI-3yx?

Ps|2 2 -2 -1 -1 1 1 0 0 (xz,y2) [E;;f;y)]
rgl2 2 2 -1 -1 -1 -1 0 0 x2-y2, xy

r.f{2 -2 0o 1 -1 V3 <3 0 0 {9(&F,~d), ¢, D)}
Tgl2 =2 0 1 -1 /3 /3 0 0 TIxl,

gz -2 0o 2 2 0o 0o 0 0 (&~ eGp!

Basis function ¢{(J, m) means a function which transforms

like an eigenstate of the angular momentum operator 3 of

total angular moment J and z component m.
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TABLE 2-2. FREQUENCIES (cm~l) OF NORMAL OPTIC MODES

Optic Maode
(q Le) I‘1 (TO)
(alle) r, (o)

(q]c and q]|c) I‘5 (T0)

(qle) r_ (o)

IN -CdS (From Ref,

21

44)

* Frequency (em~1l)

228

305

235

305

44

252



components of the strain are defined by

1
S = 3 (ukE + uzk) 2.2)
where Yo is the gradient for the local displacement vector U

The general form for the equation of motion of a displacement uy in

an elastic continuum is:
aZ

17 Ciyke 3 0%, 2.3)

Pl
where P is the crystal density and damping is ignored. We seek plane

-
wave solutions for ui of the form exp i(a-x-mt):

ow?u (2.4)

17 Cyike 94U

For a particular crystal symmetry and a given direction for the
wavevector q, the above equation can be diagomnalized and will yield
three velocity eigenvalues along with three displacement/gigenvectors.

In the case of CdS, if we choose q to be in the x-direction, then with
the help of Table2-~3, Eq. 2.4 simplifies to the following three uncoupled

equations for u;, u,, u, (ux, uy, uz):

pwluy = 'C“ulql2 (longitudinal) (2.5)
pm2u2 = Cseuqu2 (transverse) (2.6)
pm2u3 = Cuhuaql2 (transverse) (2.7)
with corresponding velocity elgenvalues:
c ., =VC, /% : (2.8)
Cpy. = /11512 (2.9)
1 20
Cra, =7 Css /P (2.10)
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Eigenvalues and eigenvectors for other q directions are listed in the
first and last columns of Table 2-4.

The effect of the sound waves on the optical properties of the crys-
tal is determined via the elastooptic effect which relates the distortion
in the dielectric temsor to the strain assoclated with the acoustic mode:

Ae (2.11)

14 7 "€11%93F 1 5ke e
where Pijk£ are the Pockel's elaétooptic coefficients and the xyz axes
are chosen to correspond to the principal axes of the dielectric tensor.
Brillouin scattering tensors can be obtained with the use of Egs,.
2.4 and 2,11. This has been done for all the crystal classes by Cummins

(47) The third column in Table 2-4 lists the Brillouin

and Schoen,
scattering tensérs for acoustic modes with two selected directioms of
the phonon wavevector q in the hexagonal crystal class CSV.

The polarization selection rules are now easily derived for Brillouin
scattering from a CdS crystal. If, for example, a backscattering geometry
is considered with the incident light propagating in the x-directiom, it
then turns out that the wavevector q of the phonon must also propagate in
the x=-direction in order to conserve crystal momentum. Using Table 2-4,
it is found that only the longitudinal acoustic phonon will contribute
to the Brillouin scattering (see Table 2-5 for selection rules).

In addition, for non-centrosymmetrical crystals, the strain of the
acoustilic mode can also contribute to the polarization accompanying this
mode through the plezoelectric effect:

P (i, j, k=1, 2, 3) (2.12)

17 %1k Yk

where eijk are the piezoelectric stress constants. This results in an
electric field which is parallel to the direction of the acoustic wave-

)_(57)

vector q (known as the longitudinal electric field
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4
Elong =q 41%1 k%K (2.13)
For the light scattering geometry considered earlier for the Cd$§
crystal, 4 = q (qx) and ujk o ujqk = uqu if plane wave solutions are

assumed as before for the displacement vector u:

= 41 2 s i o= e
Elong = o (@) epqiugs i /-1 (2.14)

The only non-zero plezoelectric constant is elal(e15 in contracted nota-
tion; see Table 2-6). Thus, the component of the displacement vector is
ué_which corresponds to a transverse acoustic mode,

The piezoelectrically induced longitudinal electric field associated
with the TA phonon couples very strongly with an exciton (near resonance)
via the Frghlich interaction. This coupling-allows the TA phonon to par-
ticipate in the resonant Brillouin scat;ering of exciton-polaritons (see
Chap. IV). It is known as forbidden scattering since the selection rules
illustrated in Table 2-5 (based on the Pockel's coefficients) indicated
that no TA phonon could participate in the Brillouln scattering for the
(48)

backscattering geometry under consideration.

C. ENERGY BANDS

(39) at k=0 is given in Fig. 2-2 showing

The band structure of CdS
the symmetries of the lowest conduction band (T';) and the two highest
valence bands (Pl and Fs). In the presence of spin-orbit splitting, the
doubly degenerate [g vélence band splits into Ty and T, symmetries with
Py lying higher in energy than [, while the conduction and lower valence

bands, both having I'| symmetry, pecome Ll The F7 conduction band and

the FS valence band are two-fold spin degenerate and have extrema at the

center of the Brillouin zone. The two ['; valence bands have a k=linear

term associated with their structure for E L ¢ (see Section D).
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TABLE 2-3 ELASTIC STIFFNESS CONSTANTS FOR C6v SYMMETRY
(From Ref. 45, plé4l)
Ci1 Ci2 Cyz |
Cy Cy2 Ca3
!
€3y €32 Cia |
| Chy
| Css
Ces
|
Values for CdS sz = C11 a 9,07
from Ref. 58 Clz - C21 = 5.81
(in units 1010 N/m?)
Ciz = C31 = C3p = Cp3 = 3.10
Cos = Gy, = 1.504
C Ci1=Cyo o 1.63
66 >




TABLE 2-4 SCATTERING TENSOR X, EIGENVALUES pv? AND EIGENVECTORS u
OF PHONONS TRAVELING IN THE DIRECTION § IN THE HEXAGONAL

CRYSTAL CLASS CGv

q pv? X a
[
[100] e, 2P, 0 {100]
- C 2
# phonon 11 0 €, P12 Longitudinal
L 0 ] i_ezPal.J
0 e APy 1-Py3)/2 0 [010]
C66 Eoz(Pll-PIZ)/z 0 transverse
f 9] 0
0 Eoeepuu (001]
qu - transverse
e, Py )
2 2 -
[110] ¢,~C;, €5 (B 1¥Pp) 2By "Pyp) (110]
Xty ] % edZ(P =P ) snz(P11+P12) 0 longitudinal
phonon 11 012 0 9. 2P
€ 731
r b
N _ -
1 €, (P11 Plz) 0 0 [110]
C11 3 0 €, (PIZ—PII) 0 transverse
\ 0 g |
r \
L 0 eqeePuq [001]
Cuk 7 _ Q snequq transverse
Eofaluu AT °
Pij = Pockel's coefficients
€€ © dielectric constants: ordinary and extraordinary



TABiE 2-5 BRILLOUIN SCATTERING TENSOR COMPONENTS OF A WURTZITE CRYSTAL
(CGV) FOR LIGHT INCIDENT ALONG [100] AND SCATTERED ALONG [100]

WITH PHONON PROPAGATION ALONG [100]

u x|yy|x %|yz|x xizy|x x|zz|x
‘ 2 2
.[100] Longitudinal €, P12 0 0 €e P31
[010] Transverse 0 0 0 0
[001] Transverse 0 0 0 0



TABLE 2-6 PIEZOELECTRIC CONSTANTS FOR CGv SYMMETRY

(From Ref 45, p 124)

0 0 0 0 85 0

0 0 0 ezl+ Q 0

R %32 ®33 0 0 0
values for CdS e s =8, = -0.21
from Ref. 359 &y, = €3, = -0.25
(in units C/m?) e . = 0.49
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e e e e o e ] om e e e o —— T CONDUCTION BAND

Eg
--_.__wrg ..... -:l . (A)
. s e, 450 vee (B) VALENCE
- _ BANDS
"-“‘.‘.
\Fl————-—-.—-—r7 -------- * (C)

FIG. 2-2, BAND STRUCTURE OF CdS

Cds: Eg= 2.582 eV (Band Gap)
8gp= 0.016 eV (Spin-Orbic)

ACF= 0.07 eV (Crystal Field)
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D. EXCITON SERIES

An electron in the ., conduction band can combine with a hole
~from either the T4, upper F7 or lower I', valence band forming the

A, B or € exciton series respectively. (The hydrogenic-like energy
levels of the coulomb-bound electron-hole system.) The first indi-
cation of a possible hydrogenic exciton series in CdS was observed

(49 and 1n reflectivity

(51)

in absorption measurements by Gross et al.

(50) and Thomas and Hopfield.

measurements by Dutton
The 1S-state of the A-exciton series has overall symmetry

[‘1 X Pg x F7 = F5 + FG where both the Fs and Ps are twofold degene-

rate at k = 0, The I'g level, which transforms like Py and Py (i.e.,

like x and y), 1s accessible from the group symmetry by a dipole

(52) and has been observed as a strong absorption(53)

(51)

allowed transition
line and a sharp reflectivity peak when the incident electro-
magnetic wave is polarized perpéndicular to the c-axis (E L ¢). The

I level is a pure triplet state {(electron and hole spins are parallel)

which has been observed in absorption experiments as a weak "forbidden"

(53)

transition when E || &.

The 1S state of the B (and also C) exciton series has symmetry
r,xr,xr,=r +T,+Tg, where I’y (transforms like z) and T,
(pure spin triplet) are nondegenerate at k=0. As expected for the
Fl and Ps symmetries, the n = 1 B-exciton state has been observed in
reflectivity and absorption experiments as a dipole allowed transition

for both E||& and E 1 ¢ polarizations. Several additional features

observed in the A and B exciton series will now be discussed.
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1. Anisotropy

The deviation from cubic symmetry in wurtzite structures is re-
flected in the fact that the conduction and valence bands have con-
stant energy surfaces which are ellipsoidal. This introduces an
anisotropic effect in CdS which is small enough to be treated as a
first order perturbation on the exciton energy levels; it mainly
1ifts the hydrogenic 2 and m degeneracies leaving the s levels
unshifted(ss).

2. K-Linear Term Effects

Group theory shows that energy bands of T, symmetry should be
of the form(Sa)
E = Al ?+ ky2) + Bkp2+C (ke %+ 1<_},2)1/2 (2.15)
the third term, linear in k, represents the splitting of the two
spin states by an .amount
1
2 (k2 + k2 /2 (2.16)
for wavevectors perpendicular tc the c-axis (E l_E). The existence
of such a term in the second valence band has been used to explain
the anomalous structure of the n = 1 B-exciton reflectivity curve
in CdS.(SS)
This effect has been further substantiated by recent resounant

(31) However,

Brillouin scattering experiments near the B-exciton.
similar experiments performed in the vicinity of the n = 1 A-exciton

in CdS have not shown such a k—-linear effect.
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3. Exchange Interaction Effects(56’61)

The splitting of the [y and FS levels of the A-exciton is
primarily due to the exchange interaction. The short range
(analytic) part of phe exchange effect leads to the splitting of
the dipole allowed I'; state from the spin triplet Ty state. There
is also a long range (nonanalytic) exchange contribution which
results in the longitudinal-transverse splitting of the T state.
The latter effect is dependent on the direction of the exciton
wavevector k, For E||€, Pg consists of two degenerate transverse
modes; but for k 1_3, Ps has both longitudinal and transverse modes
(denoted by FSL and FST respectively (see Fig. 2-3)). Whenever k
is not precisely parallel to the xy plane, some transverse modes
become mixed with the longitudinal mode. This enables the
longitudinal mode to be observed as an essentially allowed absorp-

tion line.(53)
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FIG., 2-3 Exciton levels of the n = 1 A~-Exciton in CdS

LT

as a function of the direction of K (from Ref. 61,

p. 27).
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CHAPTFER III

SCATTERING OF POLARITON MODES VIA THERMALLY EXCITED

ACOUSTIC MODE FLUCTUATIONS IN A LOCAL MEDIUM-CLASSICAL APPROACH

A, INTRODUCTION 7)

In this chapter, a simple c¢lassical approach to the theory of
light scattering of polaritons by thermally induced strain f£luctua-
tions is presented. The polariton is formed by the coupling of a
macroscopic electromagnetic wave with a localized polar electronic
degree of freedom in the medium. The internal motion of this elec~-
tronic state (which is equivalent to an infinite mass exciton) may
be described by an electrically charged harmonic oscillator.

The medium will be a semi-infinite, isotropic, homogeneous,
absorbing elastic continuum which is in thermal equilibrium. The
properties of propagating acoustic modes described by the elastic
wave equation will be briefly reviewed, and the infinite-crystal
linear response function for the strain associated with these lattice
vibrations will be derived.

A small non-linear coupling between the polariton and the strain
is introduced resulting in an anharmonic term in the polariton equa-
tion of motion. A non-linear polarization Py, is obtained which is
proportional to both the strain and the incident macroscopic electric
field. It is this non-linear polarization which radiates the in-
elastically scattered light, producing both Stokes and anti-Stokes

Brillouin components.
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In general

Py, = x(z) uxx Eg
where ¥ (2) i3 a second order susceptibility, uyx is the amplitude
of the strain responsible for the inelastic light scattering and Eg
1s the complex amplitude of the incident monochromatic electric
fiéld. The power spectrum of the complex Fourier components of
the strain uyy(q,w) are given by the fluctuation-dissipation theorem
(also known as the Nygquist theorem):

< uxx(q,u) uix(q,u0)> = Im y (q,uw) (3.1)

kpT
T
where ¥ (q,w) is the linear response function of the strain uxx(q,w).

Only backscattering of noxmally incident light by the medium
will be studied. The scattering geometry is shown in Figure 3-1. We
note that for the inclident electric field propagating in the x-
direction with y-polarization, the only allowed Brillouin scattering
is by the longitudinal acoustic mode propagating in the x-direction
(x{yy]x}. This is true for hexagonal as well as isotropic crystal
classes.

B. LOCAL CLASSICAL OSCILLATOR MODEL IN AN ABSORBING MEDTmM (=7 °2)

1. Electronic Motionm
8. Equatilon of Motion _
2)
Following the treatment by Burstein and Mills on rescnant
Raman scattering, the internal electronic motions may be treated as
a collection of damped, non-interacting harmonic oscillators with

internal displacement v, reduced mass H, electronic resonance fre-

quency Wy, and effective charge e*. The equation of motion is

35



FIG., 3-1 Schematic representation of a backward RBS
experiment involving a semi-infinite, isotropic

homogeneous, absorbing local medium,
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u(%'+ re + wo?®) = e*E (3.2)
(r may be considered as the relative coordinate for the electron and hole
in a localized exciton state) where £ 1is a macroscopic electric field.
If the electricﬂéield oscillates with frequency w, then

? . e*E
W(w €=wl=iul)

(3.3)

The total polarization P contains a contribution due to the oscillators

as well as a contribution from the background dielectric polarization:

- E*_.). Eb"l ,
o f + = E (3.4)

where V., is a unit cell volume occupied by a single oscillator and €y
is the '"background" dielectric constaﬁt which includes countributions to
€ from all otheé electronic states of the medium.

Substituting Eq. (3.4) into Eq. (3.5) gives:

€ -1
(e*y2E b=t *
ch(moz-mZ— imr)+ 4 E . (3.5)

? =
b. Complex Dielectric Function and the Polariton Dispersion Curves
Since the medium is isotropie, ?, E and ; all point in the same
direction. If they also have time and space dependence of the form:
exp i(ﬁé-; - wt)

then we obtain the result

- 4vP 4ﬂ(e*)2
Ec =1l +3% b ¥ Ve (wp2—wi-1al) (3.8)

where €, 1s the complex dielectric function.
From Maxwell's equations, the relationship between the dielectric

function €. and the wave vector k. for transverse plane-wave fields

38



(E;E) is:

2
ee = (S (3.7)

Combining Egqs. (3.6) and (3.7) yield the polariton dispersion relation:

[ch)z = gpa t 4m(e*)? (3.8)
ch (moz-wz-iw r)

This relation results in the polariton dispersion curves shown in Fig.

3.2 which are summarized as follows (I = 0);
(1) 0 £ w £ wy, k is real for the lower transverse polariton
(e*)?
_ Jo where 4, I 7T
branch, For w<<wg, w = /:;:%;;:= °© 7 (uV,wy,%)

{11) w + wg, k + + ® Transverse exciton frequency, wy = Wy
(114) wo(=mT) Sw <, k is pure imaginary. No propagating mode.
. 2w (e*)?2
= ~ L + =
(iv) w wy (av;mgizg‘ 1 Imo when K = 0

wy, = longitudinal frequency

vy w> k is real for the upper transverse polariton branch.

W
ck
for w>rwy, w = ¢E;

2. Acoustic Modes
a. Acoustic Wave Equations
For the model considered here (isotropic medium with acou-
stic mode propagating in the x-direction) Eq. (2.4 ) simplifies to

the following three equations for uj, uz, uz, (ug, uy, uz)

pmzui = Cll“lqlz (longitudinal) (3.9)
prué C11~Cip upq; 2 (transverse) (3.10)
——
2 (transverse) (3.11)
PP Cnlia g2
C2
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FIG. 3-2 Schematic diagram of photon and local polar
electronic state. Dot~dash line and broken
line at wp represent the uncoupled, propagating
photon and localized electronic state. Solid
lines show the transverse polariton mode. The
parameter values used are given in Table 4-1
with I' = 1.0cm™! and the m* value set equal

to infinity.
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with corresponding velocity eigenvalues:

c., = [C. .
La /L (3.12)
P
cTA =/C11‘C12 (3.13)
2p
(63)

b, Acoustic Strain Linear Response Function
As noted in the introduction (section A), we need only
concern ourselves with the longitudinal acoustic mode. The re-
sponse function is determined by the response of the displacement
gradient (strain) to an externmally applied stress.

S eXtexp(iqx - iwt) q =q

XX X

The generalized force is defined to be

F_ = 7 g%
XX XX

where V 1s the crystal volume.

The equation of motion for the longitudinal acoustic displacement

including the applied stress is:

" 3%u 3 ext 3
= 2 - 14
pu = Cy,y §§:¥' t [S exp (iqx-iwt)] ( )

we again assume plane wave solutions for u, of the form exp (1gx~-iwt)
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ext
-pwlu, = -qZC“ux +1q 5 (3.15)

solving for ug:

ext
=18 Sxx (3.16)

2 2
| (C,9%-p4%)
The strain associated with u, is

duy
u = —= =1iqu 3.17
xx 8% q uyx ( )

assuning plane wave solutions again.
The linear response function is

Ugx _ _Ymx iqu

*(q,w) = === — = A (3.18)
Foex 7 ngft 7 ngxt

Substitution of the expression (3:16) for uy results in:

z -qz z, = = 222 2 (3.19)
V(C,,q%= pw”) PV (eg“q®- w*)

x(q,w)

where cg is the longitudinal sound velocity

Combining Eqs. (3.1) and (3.19) give the following results for the
power spectrum of the thermal fluctuations of the longitudinal strain uyy:
X kyTd
ugx(q,w) ugyx (qou) > = —=—— {8(u-cgq) -8 wtegq) }(3.20)
2wcsDV
{Delta functions result from the assumption of zero damping.!}

3. Coupling of the Polariton with the StrainQA)

We now introduce a nonlinear coupling between the polaritom and the
elastic strain. This can be accomplished by including an anharmonic term
-2nuyg,r on the right hand side in the electronic-polariton equation of

motion (3.2). (This is the only term necessary when considering



deformation potential interactions.)

W+ TE +ug’t) = -2 qu_r + e*E; (3.21)

A laser field in the medium at frequency wy and wavevector ky will
couple with the electronic motion, resulting in a polariton, while both
the polariton and the strain will undergo thermal vibrations at general
frequencies w with wavevectors ¢. We now consider single Fourier com-
penents of the laser and strain fields at wy. and w xespecfively, and
components of the polariton field at both w and Wy

Laser Field

E
-21- exp i(kp¥ - wt)+ coce (3.22)

Strain Field

' uxx(Q:w)

> eip i(gx - wt) + ceg» (3.23)

Polariton Field

Eigéﬂl—exp i(qx - wt) + r(kr, wr) exp i(kpx-wst) + crc- (3.24)
—
where r(kI, wI) solves Eq, (3.21) with n = 0

*E 1
rlky, wy) = =21
(ky, wyp m (0o Z-ug2=1ugT)

(3.25)

Inserting Eqs. (3.22 - 3.24) into (3.21) and considering only the mixing

process for the down shifted (Stokes) contribution gives the result

u(mozqusz—iwsr) ££E§éﬂﬁl exp i(ksx~nst)

= :% uﬁx(Q:w) r(kywy) exp i[(kI-q) - Qulﬂn)t]
where wg S wy ~w (Stokes) (3.26)
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Solving for r(ks, ms) allows the Stokes nonlinear polarization to

be obtained:

-n(e*y?u¥, (q,0)B

Ps(ksws)= exp i[kI-ks—q] x (3.27)

Ven? (wo2=wg2-1ugl) (0y2=w 2=1wT)

where the expression (3.25) for r(kI, wI) has been used.

4. Internal Scattering Cross Section
The backscattered electric field generated by the Stokes nonlinear

polarization has been shown to be of the form(eé)

—tw + . > I T S
Eg = e Wst qu [dr exp ilkp~kg-q)eT (VcPNL(q)] (3.28)

Here, Pyy(q) is given by Eq. (3.28) without the exponential.
The internal spectral differential scattering cross section can be

calculated from Eg. This has been derived by several authors:(57’ 63-66)

3 . ‘- *
d2o “195" s JATORR 1 PN (Q) Py (@) g i
(dﬂdms) int CE_(ﬁI ] (2m) qu k1+ks'q E'I (3.29)

Here, A 1s the cross sectional area of the incident laser beam inside

the medium and V is the total volume of the medium (V will be taken to
be infinite. However, this volume will be canceled by another V in the
acoustic response function). We now write Pyp(q) as follows:

*
Pyr, () "x'(?)(‘”I’ w) “_}UL(\C;’_“’)_EI (3.30)
Cc

where we define X(z)(ml,m) using Eq. (3.27)

(2 -n(e*)?
= 3.31
X %ml’w) uz(woz-wéLiwsPXbéwaLiwIF) ¢ )

Substituting Eqs. (3.20) and (3.30) into Eq. (3.29) and doing the

q-integration yields:
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d?g e mo o AkgT
(dﬂdmsj int Efi%j?;ﬁ’ n |x(m1,m)] ;;%; L{w) (3.32)

where x(wI,m) is given by Eq. (3.31) and

: 1
L{w) = , (Stokes)
(ky g =) 2+ (ke Mg
T s cg I S
1 (Anti-Stokes) (3.33)

/ y " "2
G +k5/+-!g;)"+ ®1"+keh
!
Here, k'(kls is the real (imaginary) part of the polariton wavevector
and w = Wy =g
The internal differential scattering cross section is simply obtained
by integrating Eq. (3.32) over wg (that is, by integrating Eq. (3.33)

over wg), Since

o 2egm
f dwg Liw) = Ezzgigfy: (3.34)

-

we obtain for the differential scattering cross section (inside the

medium) :

2
(d2) . _vred me hPurel” ;g
42 ‘ine (2my3e* np  (kp'tkg')  cg’P (3.33)

C. TRANSMISSION OF THE ELECTROMAGNETIC WAVE BETIWEEN VACUUM AND THE

ABSORBING MEDIUM

1. Transmissivity and Reflectivity Expressions
67)
a, Vacuum to Medium,
For the geometry of Fig.3-1,Maxwell's equations result in the
following boundary conditions:

E - Tangential

Bz + Ep = E¢ (3.36)
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H - tangential

E. - E_ = ngE, (3.37)

where Ncy = 0 + iKI

I

The reflection and transmission coefficients resulting from Eqs.

(3.36) and (3.37) are

E l—nCI E 9

. ; tI = —— =
I Ey lngp E, ey

(3.38)

In order to determine the transmissivity and reflectivity expressions,
we must first evaluate the time averaged Poynting vectors for the in-
cident, reflected and transmitted waves. These result from using the

(62)

general expression:

S, = 3= Re(EHY) (3.39)

Thus, with the use of Eqs. (3.36) and (3.37) and Fig. 3-1,

= c 2
5; = g |E1 (3.40)
St = g7 [Ecl (3.41)
- c n 2
e = &= T IEl (3.42)
The reflectivity and transmissivity are now defined as
5 S¢
R, =3E i Tp o= (3.43)
’ I
I 5 5
and with the use of Eqs. (3.38)-(3.42), these become:
l lz (nI-1)2+ KIZ
Ry = ¥y (atD) 2+ K2 (3.44)
2 4n
T, = aferl = L (3.45)

——————r
(nI+1) +K12
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It is clear in this case that T+ Re= 1
b, - Medium to Vacuum
Maxwell's equations now become (see lower half of Fig.3-1).

E - trangential

Eg, = By +Eg (3.46)

t
H - tangential

Eg, = nc,(E - Eg) (3.47)

where now ncg = ng + ikg

The reflection and transmission coefficients now become

“Cs'l 2ncs
rs = ncs+l H tS = ncs+l (‘3.48)
along with the time average Poynting vectors
- 2
5, =g "s |Egl (3.49)
S5, = 77 s || (3.50)
- jL A
SSt = ar IEStl (3.51)
The reflectivity and transmissivities for this case are
1324, 2
Rg = I[rgl? = oD Hs (3.52)
(n3+1) +Ks'
lts]® . 4(ng2+kg?)/n
TS = S = 8 2§ > S (3-53)
ag (ns"'l) g
In this case,
2
T +R, =1+ s /n (3.54)
(ng+1)2+kg?

The extra term appearing on the right side of Eq, (3.54) can be under-
stood if one calculates the total time averaged Poynting vector on

both sides of the boundary.(GS)
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- + _C
54 (x=0") = G Ral(Eg + Bg ) (k. Bk = nkc EXg )] (3.55)

Sg(x=0") = &= RelEs |2 = & ngTg |Eg|2 (3.56)

The §S (x = 07) expression is just equal to the §st expression given
in Eq. (3.51). If Eq. (3.55) is expanded out, then after some algebra,

Eq. (3.55) becomes

- c 4{2/n
5,000 = 5 nal 7108, + /% .57

T
| (ng + 1)2 + «3
One can gee that with the use of Eq. (3.54), §s(x = 0% and §s(x = 0™)

are equal, Thus, the additional term in Eq. (3.54) results from the
interference between Eg and Esr in the absorbing medium. Such a term
is not present in 2 non-absorbing medium.

In the limit where Ky is small one can approximate Tg as follows:

dng

Tg * 1-Rg = - (3.58)
(ng + 1)% + Kg

since the additional term in Eq. (3.54) goes as KSZ. This approximate

form for Tg will be used for the remainder of this chapter.

D. EXTERNAL SCATTERING CROSS SECTION

The external scattering cross section for the scattering of
polariton modes by thermally excited acoustic mode fluctuations can
now be obtained by substituting Eqs. (3.35), (3.45) and (3.58) ianto

Eq. (1.14). The resulting external scattering cross section is:

dg

[do] _ T(wp) Tleg)upnd|x(?) (ug,0) |2 AkgT (3.59)
ext

2.4 " " 2
8mce nIns [kI + ks] cs p
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CHAPTER IV

RESONANT SCATTERING OF EXCITON-POLARITONS VIA PHONONS
IN SPATIALLY DISPERSIVE MEDIA-QUANTUM MECHANICAL APPROACH

A. INTRODUCTION

In this chapter the resonant scattering of exciton-polaritons via
acoustic phonons is discussed from a quantum mechanical point of view.
A backscattering geometry will again be considered (Fig. 4-1). The
medium is now considered to be spatially dispersive as well as homo-
geneous, absorbing and semi-infinite in extent. For this case, if the
incident laser frequency 1s above the longitudinal frequency of the
exciton state, two transverse polariton modes can propagate in the
medium. An additional boundary condition (ABC) must therefore be inclu-
ded along with Maxwell's boundary conditions to describe this phenomenon.

In Sec. B., we briefly summarize the exciton Hamiltonian, wave-
function and energy eigenvalues. In the following section the excitom
is allowed to couple to a photon field resulting in the exciton-polariton
dispersion equation. Polariton~lattice interactions are then discussed.

In Sec. D., a general form for the three ABCs most frequently cited
in the literature is given and a theoretical expression for the external
differential scattering cross section is derived for the RBS process.
This expression is dependent on the ABC as well as the incident laser
frequency and can be used for direct comparisons with experimental RBS
measurements. Such comparisons are made in Chap. VI.

8. EXCITON THEORY (69)

1. The Hamiltonian
An exciton consists of an electron and hole which are bound together

by an effective coulomb interaction. In the effective mass approximation,
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the energy levels of the exciton states are solutions of the Hamiltonian:

a2

() + 8 (P)
H_ =H +H(P) - =
ex e’ e Hh h Elre-rhl

(4.1
where € is the dielectric constant and He(Hh) is the electron (hole)
kinetic energy term.

If both the conduction and valence bands are spherical with band

extrema at K = 0, Eq. (4.1) becomes:

+H2 2 +2 2 e
Hex - 2u Vr 2m* VR T er + Eg (4.2)

where the center of mass and internal motion of the exciton have been

separated by the transformation

*T +mkT
% - e Thih L T.T -3 4.3)
n* 3 F Ta h

x .k
where m* = me* + m,: is ‘the translational mass, u = Eﬁ_ln.h_ is the re-
m

duced mass and Eg is the band gap energy.

2. Exciton Wavefunction and Energy Levels.

The solutions of Eq. (4.2) are

- + + -+ -+ -
Yo (Foory) = exp (ik°R) ¢, (T) uco(re) . (T) (4.4)

The plane wave reflects the free-particle motion of the center of
mass; uco(?é) {uvo(;h)] is the Bloch function for the electron (hole)
having the periodicity of the lattice, and ¢n£(¥) is the hydrogenic en-
velop function describing the gpatial extent of the relative electron-—
hole motion.

The exciton energy eigenvalues are of the form:

212 *
E@ =B+ - ns1,2,3, ... (4.5)

with the exciton Rydberg defined as
L
* = He
R Py (4.6)
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3. Application to the n = 1 A-Exciton in CdS

In Chap. II, it was noted that the anisotropic property associated
with the energy bands in CdS could be neglected when considering the
S-gtates of the A, B, and C exciton series. However, anisotropy must
be included in the expression for the center of mass motion. For
example, in order to properly describe the total energy of the n = 1
A-exciton state, Eq. (4-53) must take the following form:

- EEEE sinze cosze]
E(k) = hw, + 2 " +

* .
n=1 RN

(4.7)

where w, = Eg - R* is the transverse exciton frequency (i.e., fre-
quency of the PST state shown in Fig. 2-3), 8 1is the angle between
* (o ) is the

@,
AL #

effective exciton mass perpendicular (parallel) to the c-axis.

the exciton wavevector k and the c-axis (]| 2) and m

For the scattering geometry considered ﬁ||§ (6=90°), Eq. (4.7)
becomes
122
E® =fh (&) =Ffw + & (4.8)
n=1 ex ° 2m
where m* will now be denoted as mt{Land uex(ﬁ) is the k-dependent

exciton frequency. Values of the parameters describing the n = 1

A-exciton are given in Table 4-1.
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~

TABLE 4-1 VALUES OF THE n = 1 A-EXCITON IN CdS FOR k Lc

Dielectric Constant(60)

€y 5.3
Binding Energy(51)

R* (V). 0.03
Effective Mass(ﬁo)

n* (mg) 0.89
Oscillator Strength(ao)

Qﬂao 0.0139
Transverse Frequency(60)

w, (em=1) 20589.5
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FIG. 4-1 Schematic representation of a backward RBS experi-
ment involving a semi-infinite spatially dispersive
medium. Wavy, solid and broken lines denote photons,
polaritons and acoustic phonons, respectively. The
rectangle numbered 2 represents the polariton-phonon

interaction.
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C. EXCITON-PQLARITON THEORY

1. The Hamiltonian

When transitions between the conduction and valence bands are dipole
allowed, the exciton formed between these bands can couple strongly with
the radiation field via its polarization. The diagonalization of the
Hamiltonian:

a + "
H Hex + Hrad Hex—-rad (459

must now be made to determine the correct normal modes of the crystal.
These coupled exciton~-photon normal modes are known as exciton-polaritons.
The different contributions to the polariton Hamiltonian Eq. (4.9) are

listed below:
. =+ + C
(1) H,, = z_'h welx(k) [b 'k"b'lz"'i’] (exciton) {4.10a)
K .
where hmex(_k") is the A-exciton energy [see Eq. (4.3)]
~ +
(i1) B, = ém g k [a} a +h] (photon) % .10b)

-
where k = |k| and & = c:/‘/ab

(1ii) (exciton~photon) 4.10.¢)
= 411'000002 : w (-l:) i(b> - b t) (a';"-"' a )
ex-rad E{h po Eq k =k’ 7k -k
ke b 4ck
£ Mo . +
. (@t ap) (ap +ap) }
b
+ +
Here apr, ap (bg, b'lz) are the creation and annihilation

operators for the radiation (exciton) field.

2. Exciton~-Polariton Dispersion Equation
Since the exciton-photon interaction Hamiltonian is bilinear in the

creation and annihilation operators of the photon and exciton [see Eq.
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(4.100 ], the total polariton Hamiltonian Eq. (4.9) can be diagonalized
th = 1). This procedure was first reported by Hopfield.(7) The

result of the diagonalization process is the exciton-polariton dispersion

equation (transverse modes):

~ Y2 .
[Ck bmat i o2 /e
= l L o o b (4.1])
© mei(ﬁ)- we

where o, 1s the oscillator stremgth of the excitom, w, = mex(O) is the
transverse exciton frequency, €y 1s the background dielectric constant,

ugéﬁ) is the k-dependent exciton frequency, and w is the polariton

(normal mode) eigenfrequency.

Substituting Eq. ( 4.8) into Eq. (4.11) and keeping terms up to K2

yields:

Y 4 2
gk Taw,</ep
LXl 2 + olo

[“"J ! (4.12)

mo + mokz -mz
>
The dispersion equation now has two independent normal mode solutions,
ml(E) and mz(ﬁ) for a given wavevector E. The dispersion curves result-

ing from Eq. (4.12) are shown in Fig, %-2 and are summarized below:

(1) For w<<ugy; only one transverse polariton branch (mode) exists:

© (E) - Sk ___
2 ¥ Eb+4na°

(11) For wy <w<wp (w; - longitudinal exciton frequency); the wz(i)
branch deviates from its linear slope in (i) and starts to take on a

more exciton-like behavior.
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(ii1) wy<w; there are now two transverse polariton branches propagating
in the medium [shown in Fig. 4-2 as ml(g) and mz(ﬁ)]
(iv) wy <<w; the “"inner" polariton branch wl(ﬁ) behaves very much

like a photon, ml(ﬁ) = —EE-, where the "outer" polariton branch shows a

YEp
ical exciton behavi (k) = + &
typical exciton behavior w, ) w, Pk

3. Polariton-Phonon Interaction
a. General Expression

The polariton-phonon interaction is known to arise predominantly
from the exciton-phonon interaction Hamiltonian, the general form being

given by:

- -5 +
H =1(H7? RNCHR-

+
ex—ph sh +abz(ca—c_+) (4.13)
»

q

where PO(E) denotes the exciton-phonon interaction kernel, ca (cta) is

the phonon annihilation (creation) operator, V is the crystal volume,
and 1 = V=1
In order to derive the general expression for the polariton-phonon

interaction, the exciton operators b+k+3’ bﬁ must be expressed in terms

of polariton operators. Since it was noted that the excitom-polariton
dispersion Eq. (4.12) has two independent solutions mi(i)(i = 1,2) for
a given wavevector E, there must be two independent polariton annihila-
tion (creation) operators, &5 and o, [ut§+a)l and atﬁ4q)2] both of
which satisfy the usual boson commutation relations.

A transformation from exciton to polariton operators has been

(N

performed by Hopfield allowing the polariton-phouon interaction to

be written as:
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FIG. 4-2

Schematic diagram of photon and exciton dispersion
curves. Broken lines represent the uncoupled ex-
citon and photon propagating in the medium. Solid
lines show the two exciton-polariton modes [ml(ﬁ)
and mz(i)]., The parameter values used are given

in Table 4~ with I' = 1,0cm”!,
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j+i j- 1+1 - -i; -+
I ¢9) Z o () 4, , &, K+
HPol-ph 2 1}
+
a(£+3§ aki(ca-c_a) (4.14)
where
i [ WD g
ij(k ,k+q) 34, (k) 1+ (R‘) (k*+) (k+q)

This Hamiltonian mediates the scattering of an incident mode-i
polariton to a scattered mode-j polariton via the creation or annihila-
tion of one phomon. It is equivalent to the expression given by
Burstein et al.(70)

The factor Ai(ﬁ) is known as the exciton strength function and

is generally written:

i : (4.15)

> l;wanmnzwe{lz)mi(':lz) { + bt o, 20 (k)
ug? (k) g ()12 r [

A, (k

" ® w2 (l)-ug? ()12
It provides a direct quantitative measure of the exciton content in
the polarization mode mi(E), 1=1, 2). It-can be described as the
ratio of the mean square exciton polarization associated with & polariton
of frequency wi(i) to the mean square exciton polarization associated
with an exeiton of frequency'ﬂgxgg) (see Eq. 4-26 below), The numerator
of this ratio can be obtained in terms of the total energy density of
the polariton (both the mechanical and electromagnetic-contributions,see
Appendix A, Eq. (A.14)). The denominator is similarly obtained in terms of
the mechanical (exciton) energy demsity.

In the following two subsections, specific expressions for the

exciton—-acoustic phonon matrix element rQ(E) will be obtained for the

deformation potential and pilezoelectric interactionms.
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b. Deformation Potential Interaction(ll"7l-73)

The strain associated with an acoustic phonon perturbs the §eriodic
potential acting on the‘electrons in a crystal, resulting in a small
shift in the electronic energy bands. The proportionality constant be-
tween this energy shift and the strain is defined as the deformation
potential,

The deformation potential exciton-acoustic phonon Hamiltonian is

expressed as:’

dp

e h
Hexfph = (Dij + nij) u _ (4.16)

1]

I

where the second rank tensor D:j(Dzi) is the deformation potential for
the electron (hole) and uij is’ the strain.

As noted in Chap. II, Table 2-5, for & medium with hexagonal symmetry
(wurtzite CdS with Csv symmetry), only the longitudinal acoustic phonon will

be allowed via the deformation potential interaction to participate in

the backscattering geometry {x|yy|x}. Thus, Eq. (4.16) becomes:

dp

e h
ex~ph = (O F D) ug | (4.17)

where u = iq f'h/Zqu)i, q = 4y

In this case, the exciton-phonon matrix element for the deformatiom

potential interaction becomes:
r%®@ = fh/ZDcLA)k /T @ + DY (4.18)

where p is the crystal density and CLA is the longitudinal sound velocity.
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c, Pilazoelactric In:eraction(ll’ 59, 73)

As discussed in Chap.II, in piezcelectric crystals the strain field

associacad with an acoustic phonon can produce am elactric £i2ld via the

plezoelectric effact. The longitudinal compoment of this induced

electric field can intaract wich excitons rasulting in the piezoelectric
exciton—ﬁhouon interaction. This interaction is similar to the
Frohlich interaction between excitons and LO phonons.

Examining the case of the wurtzite semiconductor CdS, the piazo-

(73)

alectric excitou-phcnon interaction Hamiltonian is:

e 4T

ex-ph 2 E;- {elssine(uzsine + uxcose)

g cos2g)}

+e,,u, 31n +
5 6coso e33 2

3l

x [exp(1q-Te) ~ exp(13-Fp)] (4+19)

where 9 is the angle between 3 and the z-axils (which is also the c-axis)

a, and u, are the components of the phonen displacement (x-~axis lies in

-
q-z plane), and @155 83), @4, are the non-zero piezoelectric componancs

(see Chap. II, Tabla 2-6).

. . . bl -
Considering again che case where a}jx (3 = 90°), one finds chaz oniv

the transverse phonon displacemenc u, can participate in the scatrariag:

ve 4
H. = +Ta
ax-ph Zh

2y 5u, [exp (13-Te) -oxp (13-Fy) ] (4.20)

The matrix element for chis piezoelectric axciton-phonon iataractico

#
¢

oy - ety o2 ] Qew
J

213

1P%ma ]/

.



The factor [Qe - Qh] involves the Fourier component of the exciton
(72
envelop wavefuncition égken in the direction of propagation of the pilezo-
electric active phonon. Considering matrix elements where the initial

and final states are 1S exciton states (e.g., 1S A-exciton in CdS):

* *
e [m —m an 2
(0-q_] = [_s_u_»mﬁm* ] - (4.22)
e

where aB is the exciton Bohr radius.

Substituting Eq. (4.22) 1into Eq. (4.21) yields

pe, \ _ 2me ap® LR
r (@) —éb—ﬂ 5| 42 (4.23)

e
15 12pcp, mh Mg

D. RESONANT BRILLOUIN SCATTERING

1. General Considerations

As illustrated in Fig.4~1, the RBS process in the medium
consists of three steps. Step 1 (step 3) is concerned with the
attenuation of the incident (scattered) polariton while step 2 is'the
polariton-phonon scattering process. The damping process in steps 1
and 3 is believed to be due to the additional scattering of the
polaritons via phonons and/or impurities, the effect of which is incor-
porated into an exciton damping constant [ (the attenuation of polari-
tons is usually attributed to the damping of excitons).

The damping constant T can be phenomenologically included in the
dispersion equation by making the following replacement for the square

74
of the exciton frequency.< )

- 2 - 2

wdll) > wf (k,0) = W (k) —1l (4.24)
Combining this with Eq. ( 4.8) and substituting into Eq. (4.11) yields:

. 2

\ 4t 2

- | =%p+ 2% (4.25)

wS+Bk2-w2~1wT
“w

where B =

73

—ozm Wy, w, I', k are all in units of em=!). This is just
T - :
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the polariton dispersion equation derived by Hopfield “and

(9)

Thomas.

-

The exciton stremgth functiom can also be modified te include !

2
by extendiag the method reported by D. L. Mills and E. Burstein( ).

to the case of spatial dispersion

I-2Bun i F-2Bunyky

Here a; = E'Re[ki(w)] and ¢ = ~§Im€ki(w)]. AS ¢an be seen in Fig.4-3,
even below the exciton rescnamce (w<w, ) most of the energy of the
polariton resides ia the exciton. Eq. (4.26) reduces to Zq. (4.153)
when I' - 0.

" We note that both the dispersion squation (4.25) and che exciton

strength function (4.26)(see Figs.4~2 and 4-3) aze relacively insemsitive to

as long as I < Tq. Hera [p is a critical wvalue of the excicon damping

./
constant given by:(7+)
roo= 4(1a 30 2)} (4.27)
and is essentially the value where the Im{ki{(w)] = Relky(w)]. For

values of T > Ty, excitons and photons behave as 1f chere wers
assentially no interaction between :hem(75)(for Cds, T, = ll.scm'i).

The following three subsections (2-4) describe the kimemarizs znd
the intarnal scactering cross seccion (via perturbacion thecrv) of rthe
RBS process. In section 5, the gransmissivigy factors of the incident
and scatcered photons at the vacuum-medium boundary are evaluated in
addicion co the solid anglz correction factor Ior the scactarad phocons.
2., HKinematics and rhe 3rillouin Shirc

The s:irong absorpcion in 2 medium near an 2xciton rasonance ragicn

necessitatas che use of a backscatteriag geomecry for che RBS scudias.

(&)Y
(W]}



The laws of comservarion of energy and momentum become

- = = . 4.2
we =W =W _ (

ksj - in = =g (4.2

Sere wy, Ky and wg, ksj represent the Iraquencies and wavevectors of
the incident mode—i and scattersd mode-j polaritoms respectively. The
+(~) sign corresponds to anti-Stokes (Stokes) scattering. For
Brillouin scattering

w = ¢5q (4.30)
whers cg is the acoustic sound velocity. The comservarion of momentum

(Eq. (4,29 ] does not hold exactly since the wavavectors are ccmplax.

In.Fig. (4-4T, the exciton-polariton dispersiomn curves have beer drawn
for the backscattaring geometry case first discussed by BZR The kinemarics
(Zqs. (4.2B) and (4.29)] are represented by the arrows which illustrate both

Stokes (downward slopes) and anti-Stokes (upward slopes) scatterings for

incident frequency wy. Note the possibility of a Brillouin ocret for
wy > wy, (compared to the normal Brillouia doudblet for wy well below wy ).
By combining Eqs. (4.28) ~ (4.30), an expression for cthe 3zillouin

shift is found (T<[.)
i = ¥ - = : ! ! ( ZI. )
Aw w g 'Cs‘in(mI) + ksj(ms)} .31

where k'(k") is now defined as che real (imaginary) part of k. This ex-
pression can be solved numerically by an iterative procedure using the
¢ispersion equazion [Zq. (%.25)]. By ficting this expression to the
3rillouin shiZfc data, accurate values fcr the paramertars sb,'mi Wos g

can be derermined. (see Chap. VI).

+ The polaziton is now regarcded as a Icrced harmocic oscillator wizh
2 real Zvequency ané a complax fraquency dependent wavevecioy (K-, (w.)).
] P de

il
O



FIG. 4-3

Exciton strength functions of both mode~1 and

mode-2 polaritons as a function of frequency. The
number labeled on each curve specifies the polariton
mode. The parameter values used are given in

Table 4-1 with I' = 1.0cm™',
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FIG. 4-4 Schematic representation of the exciton-polariton
dispersion curve and the kinematics involved in back-
ward Brillouin scattering. Dots indicate the initial
polariton states. The arrows illustrate Stokes (down-—

ward) and anti-Stokes (upward) scatterings with

incident frequency Wy
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3. Transition Probability (Scattering Rate of Polaritoms)
An expression for the rate at which polaritons are scattered into
a solid angle dﬂintwithin the medium has been derived by Burstein

(7o)

et al. This result (which was originally derived for the infinite

mass exciton case) is now generalized to the case of spatial dispersion.

a2ng) 3T 2 “A 2 - L4n
l SJ - 2 sl el o wedayy Vg x { pr175) (4,32

1-
dodtjint ™ pol-ph app {Wg-ug)
where Eii is the number of incident polaritons per unit volume; Ns is
the number of scattered polaritons from mode-i to mode=-j; Toh is the

occupation number for the acoustic phonons and Df(ms) is the density
of states of the mode-j polaritons,

This expression [Eq. 4.32)] represents the application of Fermi's
Golden Rule forvfirst order perturbation theory to Eq. (4.14).

The density of states can be written as: .

pj(ws) R lVGj(“S)r (4.33)

where Véj@"S) is the groﬁp velocity of the mode-j polaritons.

For the backscattering geometry case, the scattering volume Vg

may be written as: b

. S (4.34)

s T T
Ii “sj "
where A is the cross sectional area illuminated by the laser and 2k‘j is
the attenuation coefficient of the polariton. Substituting Eqs. (4.33)
and (4.34) into (4.32) and using the explicit . form of the polariton-

phonon interaction given by Eq., (4.14) yilelds:

. - 2 2
[dst‘J*i o _map Alk)?|P (@] [Ag5Ck k)]
K"Vl non s
dade] o GOURE Vg Wl Gpyeg)) (4.35)

M +1
« oh ) Stokes
Boh anti-Stokes
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4, Internal Scattering Cross Section
The rate of removal of energy from the incident mode-i polariton
beam (per unit solid angle per unit time) via the scattering process

is:

hw

(q2n Y1€t
d “S] (4.36)

1 |38 e
The mean intensity of the incident mode-1 polariton beam inside
the crystal is:

Ty vps () Ny (4.37)

where v (mI) is the energy velocity of the mode-i polariton with fre-
1

quency wy-

Substituting the expression for[d

2 i
NS) into Eq. (4.36) and then
dodte int

taking the ratio of Eq. (4.36) to Eq. (4.37) results in the internal

differential scattering cross section:
2
[%]J*i = aks2 IT_(@1% la1g ey k1) |2
292 M 0]
d¥/jqe 871ch VEi(mI){VGj(ms)l (in+ksj)

{1 +n5), (wg-wg)] Stokes
x
nph(ms-wI) anti-Stokes

(4.38)

where both Stokes and anti-Stokes scatterings have been included.

The analytic expression for the energy velocity 1s given in Ap-
pendix A,
5. External Scattering Cross Section

a. General Expression for the Three ABCs

As mentioned in Chap. I, the spatially dispersive medium requires
along with Maxwell's boundary conditions, an additiomal boundary
condition to fully describe the electrodynamics governing the simul-

taneous propagation of two exciton-polariton modes.
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The three ABCs most extensively discussed in the literature are

listed in Chap. I [Eqs. (1.11) to (1.13)].

These three ABCs can now be written in a very simple general form:

alEl +a,E, =0 _ (4.39)
where a, = “t&z - g for ABC 1
a; =n.. (nz.-g ) for ABC 2
1
aj = for ABC 3
nc -ne
i= 1,2
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b, Transmissivity and Reflectivity Expressions

The expressions for the transmissivity and reflectivity of photons
(polaritons) traveling across the vacuum-spatial dispersive medium
boundary (see Fig.4-1) requires both Maxwell's boundary conditions and
an ABC since two polariton modes (for wp > wL) can simultaneously propa-
gate in the medium.

Considering the vacuum to medium case first and dealing exclusively

with normal incidence, Maxwell{s boundary conditions become

-+ =
By + B By + Er, (4.40)
E. -E = n¢ E + 0, E 4,41
In R “©° T ¢ T (4.41)
where E; (ER ) is the electric field amplitude in vacuum for the in-
o 0 : ‘

cident (reflected) photon and ETl(ETz) is the transmitted mode-1 (mode-2)
polariton inside the medium.

Combining Eqs. (4.39), (4.40), and (4.41), yield:

2&2
E = E .
T, a2(1+nc1)-al(l+nc2) I, (4.42)
Er, = 2a) By (46.43)
az (l+nc1)-a1 (1+HC2)
Ep = ap (1-nc,)-a, (1-nc,) o (4.44)

© ay(lénc,)-ai(ltnc,)  °

As in Chap. IIX, the transmissivity and reflectivity are defined

as follows:

T

1Y)

]

0
u

(4.45)

where

|l
']

T L e
I 8w I, * "R T gr %R

However, the calculation of the transmitted Poynting vector is not



trivial for the case of spatial dispersion since both the electromagnetic
waves and the finite mass excitons (polarization waves) can propagate
energy. This expression is derived in Appendix A using a generalized

Poynting theorem [see Eq. (A.13)]

Re Sp, = X r | Eg,-|? (4.46)
8r  I'-2Bwn4ky i
Here ny = Re(nci) and K = I (nci);
Using Eqs. (4.42) - (4.46), the transmissivities (for both polariton

modes) and the reflectivigy in -the:vacuum to medium case are

T e 22 ‘ (4.47)
T ~ sl 2ay 2
2 I'-2Bun,k, a2(1+nci)-a1(1+nc2) (4.48)
1 (1 2
ap (l+nc1) - (l+nc2) {4.49)

A similar method iIs used for the calculation of the transmissivity
and reflectivities in the medium to vacuum case (keeping in mind that
for wg > wy, two reflected polariton modes will be produced at the sur-

face), The transmissivity expression for the mode-~i scattered polariton

is -
2
o - I-2Buwn, K 2(a1-az)nCi

and the reflectivity expressions for the two reflected polariton modes

are:

(4.51)

i “1(F'23mniK;) ( ap=a 2a2nci

= +
1 a, (r=2Bun, x,) a,-a,  a,(l+nc,)-a (l+nc,)
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i Zalnci

N nZ(F-ZBwnixi) Ial-a .
2 ni(F-ZBwnZKZ) !al-—a2 a2(1+ncl)-a1(1+nc2)

(4.52)

Fig. 4-5 shows the curves resulting from the two transmissivity
expressions [Egs. (4.47) and (4.48)] for various ABCs using CdS para-
meters(ﬁo) in Table 4-1.

Fig. 4~6 shows the transmissivity product, Tz(mI)*T;(ms) as‘a-
function of incident frequency wy for various ABCs and for longitudinal

acoustic phonon scattering in CdS.

c. External Scattering Cross Section Expression
The external scattering cross section resulting from polaritons
scattering from mode-i to mode-j in the medium is obtained by substitu-

ting Eq. (4.38) into Eq. (1.14):
. 2 2
[ﬂ}ri T T ) AfT @Ay, G k) |
ext nf(ws)anh‘ Vg ()] VGj(ws)](k£i+E;[

5 R G
3

{[l + nﬁh(wI—ws)] Stokes
x nph(ws*ml)' anti-Stokes

where nph(W) = Iexprﬁiiii— l}"l

The njz(ws) in the denominator results from the solid angle correc-
tion factor [see Eg. (1.15)].

Eq. (4.53) above is dependent on both the incident laser frequency
wy and the ABCs and can be used for both deformation potential and piezo-
electric exciton-phonon interactions [Eqs. (4.18) and (4.23)].

In Chap. VI, Eq. (4.53) will be compared with RBS intensity measure-
ments resulting from different polariton-phonon scatterings [e.g.,
scattering of a longitudinal acoustic phonon between the outer (2-2')

polariton branches].
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FIG, 4-5

Numerically calculated vacuum to medium trans=-
missivities of mode-~l and mode-2 polaritons for
various ABCs as a function of frequency. The
number labeled on each curve corresponds to the
ABC specified in Eq. 4-39, Parameter values

from Table 4-1 are used with T = l.Ocm'l.
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FIG. 4-6 The transmissivity product of the incident and
scattered mode-2 polaritons, Tz(mI) Tz'(ms), as a

function of incident frequency uw The number

I.
labeled on each curve has the same meaning as in
Fig. 4-5. Parameter values once again are from

 Table 4-1 with I' = 1.0cm™}.
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CHAPTER V
EXPERIMENT

A. TINTRODUCTION

Laser Brillouin spectroscopy involves the following experimental
arrangement. A beam of laser light is focused into a small volume of
the sample to be studied. Light scattered from the sample, which con-
tains a number of frequency components, is collected and frequency
analyzed by a Fabry-Perot interferometer and/or tandem grating spectrometer.
Elastic scattering usually produces the most intense component which is at
the frequency of the laser light, Inelastic components appear at frequen-
cies shifted with respect to the laser frequency on both the Stokes (low
frequency) and anti-Stokes (high frequency) sides. Of interest in Brili-
ouin scattering experiments are the frequency shifts, intensities and

! of the laser frequency,

linewidths of the shifted components within 10~cm™
Reflectance measurements are performed on samples in the frequency

region of electronic transitions., Light from a white light source is

focused onto the sample in a near normal incidence scattering geometry.

Reflected light is analyzed by a double-grating spectrometer. Of interest

in the reflection spectrum are the shape, height and frequency position

of the reflection maxima as well as the frequency distance between these

maxima amd their corresponding minima.

B. RBS EXPERIMENTS

1. Experimental Setup
The experimental arrangement used for the RBS studies is shown in
Fig, 5-1. A ¥ryptom ion laser was used to pump a cw dve laser in order

to obtain tunable single mode output radiation. The dye



laser output was monitored via a pair of beamsplitters in order to

(1) maintain a constant dye output power through the use of a dye laser
light stabilizer; and (ii) monitor the mode spectrum of the ocutput radia-
tion using an optical spectrum analyzer and an oscilloscope. The light
was tﬁen passed through a polarization rotator to obtain the desired
polarization before being focused onto the sample,

The samples used were vapor-grown single crystal CdS platelets
genercusly provided by Wright-Patterson and General Motors (GM). The
crystals, with the crystallographic ¢—~axis in the plane of the sample,
had typical surface area dimensions of 3mm x 5mm with thicknesses
~lOuzcm. The sample was attached to a copper mount in the helium dewar
via a grease mixture.

A backward light scattering geometry was used with incident wave-
vector of the dye laser light perpendicular to the surface of the crys-
tal platelet (ﬁlﬁ). Light scattered by the sample was collected and
focused onto a pinhole by a Nikon camera lens. A second Nikon lens
then collimated the light emitted from the pinhole which acted as a
point source. The parallel light so obtained was reflected from a sys-
tem of two mirrors which served the purpose, along with the Nikon col-
limating lens, of aligning the collected light with the triple-pass
Fabry-Perot interferometer. The light emerging from the ramped Fabry-
Perot was then focused onto the vertical spectrometer slits which,
along wirh a brass horizontal slit, formed a second pinhole. The speed

of the lens used was chosen to match that of the spectrometer.
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FIG. 5-1 Schematic of RBS experimental arrangement,
L;» Ly, Ly and L, are sample focussing, pinhole
focugsing (Nikon), Fabry~Perot collimating (Nikon)
and spectrometer focussing lenses respectively.
Focal lengths of these lenses are 13 cm, 5.5 cm,
5.5 cm and 18,7 cm, respectively. Pinholes P1 and

P2 have diameters of 200 and 150 microns, respectively,
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Light leaving the spectrometer was focused onto the cathode of a
photomultiplier tube whose output was processed with photon counting

electronics and recorded on a atripchart recorder, or occasionally multi-

scaled into a PDP-8E minicomputer.
2. Apparatus

A summary of the apparatus used in the RBS experiments is given in
Table 5~1. Brief descriptions of the main components are given below.

Krypton Laser. A Spectra Physics model 171 krypton ion laser was

used as a pump laser. The output power was between 2.0 and 2.5 watts for
all lines in the deep blue (4067—4226&). The output mode was TEM . This
laser was oberated on the light control mode whereby its power supply
current was constantly ’ adjusted by an external dye laser light
stabilizer (see below).

Dye Laser§76) The output of the krypton laser was used to pump a
Coherent Radiation mpdel 590 dye laser in order to obtain a source of
continuously tunable coherent single mode light. The dye medium was a
methyl alcohol-ethylene glycol sclution of the dye coumarin 480 which
absorbs in the band 4000A to 4ZOOR and emits at longer wavelengths 4700R
to 5150& through fluorescence. Selection of monochromatic radiation
from the broad dye fluorescence bandwidth is achieved through the use
of a quartz birefringent filter consisting of three quartz plates of dif-
ferent thicknesses placed in the cavity at Brewster's angle. In additionm,
a double etalon system consisting of a thick (10mm) coated etalon and a

thin (0.5mm) coated etalon was used to obtain a single mode monochromatic

output with a frequency width of less than 100 MHz (<0.003cm™!).
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TABLE 5~1 LIST OF APPARATUS

Apparatus

Krypton laser
Dye laser

. Dye laser
light stabilizer

Spectrum analyzer

Dual beam oscilloscope
Helium dewar

Fabry-Perot interferometer
Ramp generator
Double-grating spectrometer
Photomultiplier tube
Refrigeration unit

Power supply

Nim bin

Prezmplifier, Amplifier,
Discriminator

Ratemeter

Strip chart recorder

Manufacturer

Spectra Physics
Coherent Radiation

Spectra Physics

Coherent Optics
 Tektronix

Janis

Burleigh Instruments

Burleigh Instruments

Spex

11T

Products for Research

Power Designs, Inc.

Berkeley Nucleonics

Canberra

Ortec

Honeywell
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Model
171
590

373

470

556

8DT
RC-110
RC-44
1401
FW130
TE-104
AK-20
AP,1

313

441
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Tuning of the output frequency was accomplished as follows: fre-
quency changes on the order of a thin etalon mede hop (6=Tem™!) were
obtained by rotating the birefringent filter about its surface normal.
Small frequency changes were made by tilting the thin etalon with re-
spect to the cavity beam enabling the laser frequency to hop between
thick etalon modes (0.3cm™! changes).

Certain instabilities in the output frequency spectrum of the dye
laser complicated the RBS experiments, the most important of which was
the fluctuation of the ougput power which introduced thin etalon mode
hopping. "This problem was partially alleviated by incorporating a
light stabilizer into the experimental setup. However, mode hops still
occurred on the average of one every five minutes. Thus, the output mode
spectrum of the dye laser had to be continucusly monitored by a spectrum
analyzer (see below) so that undesirable modes could be eliminated
through the tilting of the thin etalonm,

Dye Laser Light Stabilizer. The dye laser power was maintained at

a 15mW output by the dye laser light stabilizer (Spectra Physics, model
373). This consisted of a detector head and a control unit. The detector
head contained a beamsplitter which reflected 3.5% of the laser light on-
to a photocell detector. The signal created by the photocell (0.75u A/mW)
was amplified and compared with a DC reference signal specified by the
level control (located on the front of the control unit) which set the
desired operating power level of the light stabilizer. The amplified
difference of the two signals produced a current that was returned to

the krypton ion laser control circuitry which then compensated for the

dye laser power variations by changing the pump laser output power,
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The pbwer output of the dye could be stabilized to within +0.5% per
hour for a fixed wavelength. In addition, the light stabilizer also
acted as a power meter with its meter accurate to within *10%.

Spectrum Apalyzer. The spectrum of the dye laser light was ob-
served with an optical spectrum analyzer (Coherent Optics, model 470)
in conjunction with an oscilloscope (Tektronix, dual beam model 556)
and an amplifier (Keithley Instruments, model 102C). The oscilloscope
was used to both ramp the spectrum analyzer and display its amplified
output. The free spectral range of the spectrum analyzer was 8GHz
(~0.27ca™ ).

Cryogenic System. The samples were vertically attached to a hex-

agonally shaped copper sample mount via a conductive vacuum grease mix
consisting of crycon and N-grease. The sample moﬁnt was then placed in
a Janis "Supervaritemp” liquid helium dewar (model 8DT). Optical access
to the sample was provided by fused quartz windows on the dewar. Cool-
ing of the sample was achieved by helium exchange gas flowing over the
copper sample mount and by conduction between the sample and the mount.
Temperature was measured using a copper-constantan thermocouple which
was in thermal contact with the sample mount, Most experiments were
performed at 4.2°K. Occasionally the liquid helium was allowed to fill
the sample space and was pumped to obtain temperatures of 2.7°K.

(an

Fabry-Perot Interferometer. A triple-pass Fabry-Perot interfero-

meter (Burleigh Instruments, model RC-110) was used for high resclution
spectral analysis of the scattered light. This Fabry-Perot used two plane
mirrors which were coated for 93% reflectivity in the spectral region

-]
4500-5500A and had A/200 flatness. Piezoelectric ceramic transducers {PZT)
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were used to scan and align one of the plane mirrors with respect to the
other mirror which remained fixed. The ramp voltage (0 to 1000 volts,
sawtooth in time) applied in the scﬁnning mode teo each of the PZT ele-
ments was supplied by a Burleigh ramp generator (model RC-44). Two
corner-cube retro-reflectors were utilized to obtain triple-pass
operation. Several free spectral ranges (FSR) ranging from 2-13.5cm !

were used. The finesse of the interferometer varied between 40 and 60 with

a contrast of ~1x106.

Double Grating Spectrometer. After passing the interferometer the

scattered light also traversed a 3/4 meter Spex model 140} Czerny-Turner
double grating spectrometer. The spectrometer served two purposes:

(1) determined the incident dye laser frequency by scanning the
scattered Rayleigh light and (ii) acted as a tunable laser filter allow-
ing only Rayleigh and Brillouin components to pass during the Fabry-~
Perot scan.

Photomultiplier Tube. The light leaving the spectrometer was

focused onto the cathode of an ITT FW130 photomultiplier tube. The tube
was maintained at -20°d by a model TE-104 thermoelectric refrigeration
unit manufactured by Products for Research. The dark count of the
cooled tube was about 3 counts/second. A Power Designs, Inc. model
AK-20 power supply provided 1750 volts to the photomultiplier tube.

Photon-Counting Electronics. The photon-counting electronics com-

prised a "PAD" (Canberra, model 813) which combines a preamplifier,
amplifier and discriminator in a single nim bin module. The output of
the discriminator was fed to a ratemeter (Ortec, model 441) and recorded

on a stripchart recorder (Honeywell, model 194).
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3. Experimental Procedure(73)

The RBS experiments utilized a backscattering geometry with both
the wavevector and polarization of the incident light perpendicular to
the c-axis of the crystal fELE,'ELﬁ). The incident power was maintained
at 15mW by the dye laser light stabilzer discussed earlier.

The experimental procedure will now be described. The dye laser
was first tuned to some frequency in the vicinity of the A-exciton in
CdS (~20588cm~!). During this time, the output of the 8GHz spectrum
analyzer was carefully . viewed on the oscilloscope in order to
verify that the dye laser output consisted of a single frequency.

The laser frequency was determined by allowing the Fabry-Perot inter-
ferometer to quickly ramp through its free spectral range (FSR)T with
a ramp duration of 20 msec. Since the elastic Rayleigh component is

. dominant in the output of the Fabry-Perot, the laser frequency can
be obtained by slowly scanning the grating spectrometer with narrow
slitwidths over this elastic compconent. The slow scan (7.5cm"1miu'1)
allowed the experimenter to mark the sqrip chart record in.lcm‘1 intervals
by visual comparison with the spectrometer wavenumber indicator. Sub-
sequent interpolation between the lem !marks allowed the laser frequency
to be determined to the nearest 0,lcm™!. Measurements made in this way
were reproducible to about 0.2c¢m~!(the calibration of the spectrometer
was checked twice each day an experiment was conducted). After the fre-

quency was determined, the spectrometer slits were opened to provide a

t The FSR is determined by the spacing d in cm between the Fabry-Perot

mirrors and is given by the expression:
1
! FSR 54

in units of wavenumbers,
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passband slightly larger than the FSR of the Fabry-Perot. The gratings
of the spectrometer were then positioned so that either the Stokes or
anti-Stokes Brillouin components would be passed by the spectrometer.
The Fabry-Perot was then scanned through its FSR in -100 seconds and
the output of the combined Fabry-Perot-spectrometer system was recorded
on a strip chart recorder. The frequency of the dye laser was then
changed by tilting the thin etalon as previously described. The above
procedure was then repeated. The end result was a series of Stokes and
anti-Stokes Brillouin spectra for a range of dye laser frequencies
through the A-exciton resonance region.

Fig. 5-2 gives an illustrative comparison between the RBS spectra
obtained using the combined Fabry-Perot interferometer-grating spectro~
meter system, using the procedure described above, and the spectra
resulting from a scanning grating spectrometer, the latter technique
having been used in most of the previous RBS experiments. The Stokes (b)
and anti-Stokes (c) TA(2-2') compoments are clearly resolved when the
combined system is used (effective resolution 'O.lScm_l) whereas the
spectra recorded by the grating spectrometer alone (a) shows Stokes TA
components which are not completely resolved while the anti-Stokes TA
components are obscured by the wing of the Rayleigh line.

The FSR of the Fabry-Perot was chosen in such a way that the
Brillouin components resulting from the scattering process could be
easlly observed. For example, to observe intrabranch scattering from
the upper polariton branch (i.e., 1-1' scattering) a FSR equal to

2.1Jl.cm"1 was used.
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-FIG. 5=2 Brillouin spectrum of CdS with wj = 20584 cm"l,
analyzed with; (a) double-grating spectrometer alone; (b) and (c)
Fabry-Perot interferometer and grating spectrometer in series. For
the Stokes (b) and anti-Stokes (c) high resolution spectra, the free
spectral range of the Fabry-Perot was 6.1 cm™! and the grating slits
were adjusted to give the passband indicated in (a). The Brillouin

components result from LA(2-2') and TA (2-2') scattering.
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The FSR of the Fabry-Perot was usually decarmined by deliberacely
allowing two thin =taled modes to he present in the dye laser output.
This light was then scattered off z piece of teflon located within the
helium dewar. The separation between these two modes was obtained by
scanning the grating spectrometer over the scattered light., This turned
out to be ~6.7cm”l, The spectrometer was then positioned midway between
the 'two modes while its slits were opened to pass both of them. The
Fabry-Perot then scanned the modes, the specrrum of which was recorded
on a strip chart racorder. Since the separacion between the modes was
known, the FSR could be determined from the strip chart record. A second
metﬁod was to use a standard mercury or sodium doublet, {(e.g., for EHg:
5789.66& and 5790.66&) instead of two adjaceat thin etalon modes from

the dye laser.
C. REFLECTIVITY EXPERIMENTS:
(27)

1. Experimental Setup

The expe;imental arrangement for the reflactivity studiss is shown
in Fig. 33. A tungsten lamp which operatad at seven amps and aipne volcs
dc acted as che white lighr source in the experiment. The peower for
the lamp was suppliad by a Deltrom regulated power supply (modal H3613). The
light first passed through am iafrared filter (Corming, CS 1-73) befors
being focused onto a pinhole by a Nikon camera’ lens. Light emanacing from
the ninhole passed through a blue filter (Corming, CS 3-96) which
:ransmi:ted lighe in the wavelangth rzgion 38004=35004 (rransmissivicy
of this filcar was 35% in che range 52008-52908 which gasily coverad

the frequencias of the A and B exeizons in CdS at a2 cemperacure of
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FIG. 5-3 Schematic of reflectivity experimental arrange-
ment. Ly, L,, Lz, L, and Ly are pinhole (P,)
focussing, pinhole collecting, sample focussing,
sample collecting and spectrometer focussing
lenses respectively. Focal lengths are 5.5 cm
(Nikon), 25.4 cm, 33.6 cm, 19.1 cm and 18.7 em,
respectively. PinholesP1 and P, are 1 mm and
150 microns, respectively. F, and F2 correspond

to the infrared and blue Corning filters.,
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4,2°K). After passing through a polarizef ;hich allowed the light to
be polarized either perpendicular cr parailel to the crystal c-axis, the
light was collimated and then focused onto the CdS sample vertically
mounted in the Janis helium dewar. The spot size on the crystal was
approximately lmm. The wavevector ¢f the incident light was perpendic-
ular to the c—-axis and formed an angle of about 5° with the surface nor-
mal of the sample. The reflected beam was collimated and focussed onto
a pinhole in the double grating spectrometer using similar optics as
in the case of the RBS experiments. The photoelectric counts resulting
from the amplified and discriminated photomultiplier signal were then
stored in a PDP-8E DEC minicomputer which operated as a multichannel

analyzer.

2. Experimental Procedure

Reflectivity experiments were performed on the same CdS crystals
used in the RBS experiments. The experimental procedure consisted of
scanning the double grating spectrometer over a specific frequency
range of the reflected light. This range was from 20816.2cm™! to
20478.7em™! and included the n=1 frequencies of both the A and B ex-
cltons for CdS crystals at liquid helium temperature.

Each experimental run lasted for nine minutes with the spectrometer
scanning at a rate of 37.5cm~lmin~l. The photoelectric counts resulting
from the frequency scan were stored in the 512% channels of a PDP-8E
minicomputer which itself was scanning at a clock rate of 1.08 seconds/
channel (this corresponded to a frequency rate of 0,675c¢m~!/channel).

The spectrometer and minicomputer scans were initiated simultaneously.

+Each channel contains two 12 bit words.
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The conténts stored in the memory of the minicomputer after each nine
minute scan weéé then transferred to a PDP-10 computer and stored in a
digital file. Similar frequency scans were also conducted on light re-
flected from a small mirror which was attached to the same copper mount
as the CdS samples in the helium dewar. Such experimental rumns were
necessary in order to eliminate the spectral dependence of the experi-
mental apparatus. The background level for both the crystal and mirror
reflectivity spectra was determined by blocking the light entering the
gpectrometer over a specific frequency interval during each expérimental
run. Digital files of absolute reflectivity, which resulted from the
normalized ratio of the crystal to mirror reflectivity spectra, were sub-
sequently used for least-squares-~fitting analysis. Results of this

analysis are given in Chap. VI.
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CHAPTER VI

RESULTS

. A. INTRODUCTION

This chapter contains the results of experiments conducted in
the course of the present research., As discussed in Chap. V, the
experiments were of two types. The first type used resomant Brillouin
scattering to study one phonon scattering processes from exciton-
polaritons near the A-exciton in cadmium sulphide. These experiments
resulted in measurements of the Brillouin shift, linewidth and external
scattering cross sections of various longitudinal and transverse
Brillouin components. Comparisons between these measurements and the
theoretical éxpressions derived in Chap. IV are given in Section B.
The second type of experiment compared the reflectivity measurements
over the A-exciton resonance with the theoretical reflectivity ex-
pression which used parameters obtained through the RBS analysis.
This discussion is given in Section C. Both the RBS and reflectivity
results utilized the three ABCs 1in their respective analysis. These
two experiments were further supplemented by optical density measure-
ments given in Section D. All experiments were performed on the same
CdS sample, a platelet grown by vapor transport at the General Motors
Research Laboratory, provided by Dr., D. M. Roessler,

B. RBS RESULTS

1. Brillouin Shifts
As noted in Chap., V, the RBS experiments were performed with
both the incident wavevector and polarization perpendicular to the

crystal c-axis. Two illustrations of Stokes Brillouin spectra are
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given in Figs. 6-1 and 6-2 with the free spectral range (FSR) of the
Fabry-Perot equal to 12.63 c:m-l and 2.11 cm—l respectively. These
illustrations clearly show (1-2' and 2-1') interbranch and (1-1')
intrabranch acoustic phonon scattering processes which had not been
observed in previous RBS experiments on CdSFZS’ 30?2.

Fig. 6-3 shows all the observed one-phonon Brillouin shifts
obtained from a single CdS crystal sample (21E-2). Three free
spectral ranges of the Fabry-Perot were émployed: 2.11 cmdl, 5.87cm
and 12.63 cm_l. The solid lines through the data points represent
the best fit of the theoretical Brillouin shift [Eq. (4.31)] to the
data by non-linear least squares fitting procedure. The four exciton
parameters resulting from the fit, along with the longitudinal and
transverse sounq velocities, are listed in Table 6-1. Also included
in this table'are the best fits obtained by Wiﬁterling and Koteles(ﬁo).
It should be noted that the theoretical Brillouin shifts are indepen-
dent of the exciton'damping constant I' (chosen here to be 0.5 cm_l)
for OSP<5cm-l.

2., Brillouin Linewidths

(1) predicted that the linewidth

The theoretical analysis of BZB
of the Brillouin components should increase as the incident laser
frequency approaches the exciton resonance from below. The exciton
damping constant I, seen in the polariton dispersion relation [Eq.
(4.25)] is responsible for the limewidth increase of these compoments.
Broadening of both the LA and TA (2-2') components was observed in the
RBS experiments. Fig., 6-4 shows the approximate full width at half

maximum A of the Stokes TA (2-2') components determined by subtraction

of the instrumental linewidth (FWHM of the Rayleigh line) from the
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FIG. 6-1 Brillouin spectrum of CdS with w_ = 20612.3cm .

The Fabry~Perot free spectral range was 12.63c1n.-l
with the spectrometer set to pass Stokes Brillouin
components., These one phonon components result
from 14 (1-1"), Ta (372)), 1A (2-2"), 1A (1-2")
and LA (2-2'). The large unlabeled peak

illustrates two phonon scattering.
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FIG. 6=2 Brillouin spectrum of CdS with wp = 20613.6cm-l.
The Fabry-Perot FSR equaled Z.llr:m-l with the
spectrometer set to pass Stokes Brillouin
components. These Brillouin components result
from LA (1-1') and TA (1-1") scattering.

Hatched region of LA (1-1') component represents

the area measured by a planimeter.
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FIG. 6-3

Brillouin shifts of observed one phonon Stokes
and anti-Stokes peaks as a function of incident
laser frequency. Experimental Brillouin shift
data was obtained by using three different FSRs
of the Fabry-Perot equal to 2.11cm-1, 5.87cm-1 ,

and 12.63cm_1. Solid lines represent the best

fit of the theoretical Brillouin shift to the data.
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Brillouin lipewidth. (Some of the data was digitally recorded after
which both the Rayleigh and Brillouin components were fitted to
Lorentzian lineshapes, An illustration of this is given in Fig. 6-5.)
The solid curves in Fig, 6-4 are the theoretical predictinns(l) with
four different values of T:

A= 2¢g (K;i + ng) (6.1)

where cy is the sound velocity. K; and K; are the imaginary parts
i h|

of the incident and scattered polariton wavévectors obtained from
the dispersion relation [see Eq. (4.25)] using known values of the
exciton parameters determined in Sec. B (Table 6-1). These curves
in Fig. 6-4 are computed with I' taken as a frequency-independent
constant. However, T'(w) may be an increasing function of w for W,
as suggested by K. Cheo, which would improve the agreement between
experiment and theory.
3. External Scattering Cross Sections

The theoretical curves for both the internal [see Eq. (4.38)]
and external |[see Eq. (4.53)] Stokes scattering cross sections will
now be displayed for both the deformation potential and piezoelectric
interactions [Eqs. (4.18) and (4.23) respectively]. The values used
for these two interactions are listed in Table 6-2. The curves in
Fig. 6=6 result from the substitution of Eq. (4.18) into Eqs. (4.38)
and (4.53) while using the values listed in Tables 6~1 and 6-2
(Deformation potential)., This figure shows the logarithm of the

+
internal scattering cross section (curve a), the external scattering

+ The internal scattering cross section is the same for all three
ABCs in Eq. (4.39).
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FIG. 6-4 Approximate experimental linewidths of the Stokes
TA (2-2') Brillouin compoments (FWHM with laser
linewidth subtracted) as a function of incident
laser frequency. The solid lines are theoretical
predictions with four different values of the

exciton damping parameter T.
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FIG,

6-5

Brillouin spectrum showing both Rayleigh and
Stokes Brillouin lines fitted to Lorentzians
after being digitally recorded. Fabry-Perot
FSR equaled l.75cm-1 with laser frequency

equal to 20590.2cm-1.
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cross section with the solid angle correction factor (curve b) and

the external scattering cross section without the solid angle correc~
tion factor {(curve ¢) for ABC 1 [Eq. (4.39)] as a function of incident
frequency Wy for the Stokes LA (2-2') scattering process. One can see
how curve b 1is generated by comparing curve a with Fig, 4-6 which shows
the product of the incident and scattered tramsmissivities for ABC 1.
Fig., 6~7 gives a similar illustration for the internal and external
scattering cross sections for the Stokes TA (2-2') component utilizing
the piezoelectric interaction as discussed in Chap. IV.

In. Fig. 6-8, the logarithm of the intensity measurements on the
Stokes LA (2~2') Brillouin components resulting from RBS experiments
utilizing two different FSRs of the Fabry-Perot are shown alcng with
the three theoretical external scattering cross sections. The three
theoretical curves result from Eq. (4.53) with T.(gq) given by Eq. (4.18)
and Ti(ml) and Tj'(ms) computed via Eqs, (4.48) and (4.50) for the three
different ABCs [Eq. (4.39)]. The data in this figure has been normalized
in the frequency region where the three ;heoretical curves are approxi-
mately equal (20560cm—15UH:520570cm—1)v Thé normalization constant
for the data obtained using a FSR equal to 12.63::.m_1 (closed circles)
was ~8.2 while the normalization constant for the data obtained with
FSR equal to 5.87crn_1 (open circles) was <8.54, Each data point was
determined by measuring the actual Brillouin lineshape from the strip
chart record using a planimeter. The equation used to determine the

intensity of each Brillouin line is (before taking the logarithm):

FSR R : (6.2)
1=4 T] [m]
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Here A is the averaged area (in square inches) of the Brillouin
component as measured several times with the planimeter (see Fig.
6-2 for an illustration of the area measured), FSR is the free
spectral range of the Fabry-Perot (in cm-l), L is the physical
distance (in inches) between the two Rayleigh lines and R is the
full scale reading of the ratemeter (in counts/second).

A similar illustration for the intensity of the Stokes TA (2-2')
data with the FSR equal to 5.87cm-l is given in Fig. 6~9. Each data
point here has been normalized by the same normalization constant
(~8.54) used for the Stokes LA (2-2') data recorded with FSR equal
to 5.87<:m_1 (open circles in Fig. 6-8). The three curves in Fig. 6-9
represent the external scattering crose sections for the three ABCs
in the case of the piezoelectric polariton~phonon interaction
[Eq. (4.21)].

The logarithm of the intensities of the Stokes LA (1-1')
Brillouin lines obtained using two FSRs equal to 2.llc:t|1-1 and 12.63cm
are shown in Fig. 6-10 along with the three theoretical scattering
cross section curves obtained from Eq. (4.53) with I'c(q) given by
(4.18). The open circles are the data with FSR = 2.llcm"1 which have
been normalized to the theoretical curves.  The closed circles
represent data obtained from two FSRs equal to 2.llt:m-Tl and 5.87cm-1
which have been normalized by the same normalization constant (~8.2)
used for the Stokes LA (2-2') with FSR = 12.63cm t.

Additional analysis and discussion concerning the external

scattering cross section results from RBS is given in Chap. VII.
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FIG.

6-6

Log10 of the theoretical internel (a), external
with solid angle correction factor (b) and
external without solid angle correction factor
(c¢) scattering cross sections for LA (2-2')
scattering as a function of laser frequency Wye
ABCl is assumed for curves (b) and (c). Para-

meters used In the figure are from Tables 6-1

and 6-2.
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FIG. 6-7 Logl0 of the theoretical internal (é), external
with solid angle correction factor (b) and
external without solid angle correction factor (c)
scattering cross section for TA (2-2')
scattering as a function of laser frequency mI.'

ABCl is assumed for curves (b) and (c¢). Para-

meters used in the figure are from Tables 6~1

and 6-2.
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FIG. 6-8 Loglo comparison of the theoretical external
scattering cross section for the Stokes LA
(2-2') scattering for various ABCs with the
loglo of the experimentally measured Brillouin
intensity. Open (closed) circles represent the
data which has been obtained with a FSR equal
to 5.87cm © (12.63cm ). Both sets of data
have been normalized to the curves in the

frequency region 20560cm_1 5m1520570cm-1.
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FIG. 6-9 Log10 comparison of the theoretical external
scattering cross section for the Stokes TA
(2-2') scattering for various ABCs with the

log10 of the experimentally measured Brillouin

intensity. The closed circles represent the

data which has been obtained via a FSR equal
‘to 5.87cm_1. This data has Been normalized

by the same constant used for the open circle

data in ¥ig. 6-8.
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FIG. 6=10 Log10 comparison of the theoretical external scattering
cross section for the Stokes LA (1-1') scattering for
various ABCs with the log, of the experimentally mea-
sured Brillouin intensity. Open circles plotted along
the theoretical curves represent data which has been
normalized to the theory (FSR = 2,11 cm~1). Clzéed
circles represent data which has been normalized by
the same constant used for the Stokes LA (2-2') data
with FSR = 12.63 cn™!., The open triangles represent
data obtained with FSR = 2.11c:m"1 which have now been

normalized to the clesed circle data.
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C. REFLECTIVITY RESULTS

As was discussed in Sec, C of Chap, V, the reflectivity experi-
ments covered a frequency region which included both the n=1 A and B
exciton resonances in CdS., The ratio of the digital record of the
CdS reflectivity spectrum obtained from the sample to that of the
lamp spectrum obtained from a mirror resulted in a corrected experi-

mental reflectivity expression as a function of channel number:

J(1) = TN(D)-Fp) {1+(N(I)-Fp) R}

— — (6.3)
(<M(I)> = Mp) {1+(<M(I)> - Mp) R.}

where I is the channel number ranging from 1 to 500 (corresponding
to a frequenéy range from 20816.2cm-l to 20478.7cm-1). The constant

C normalizes the expression in (6.3) to approximately 25% in the

l‘to 20485.5Cm-1.(9) N(I) cor-

frequency region between 20492.2cm
responds to the CdS reflectivity digital reading in counts per channel
while M(I) similarly corresponds to the reflectivity reading of the
lamp spectrum off the mirror. The term <M(I)> is a linearized
version of M(I) which was created to smooth out the correct reflectivity
expression J(I). ﬁB(ﬁB) is an averaged .background for the CdS (mirror)
reflectivity which was established in the frequency region from
20807.2¢m ! to 20792.2cw 1. The R, term which equals 1.76 X 1070 is
a factor used to correct for the non-linear response of the photon
counting electronics.

The theoretical reflectivity expression will now be formulated.
Since both the A and B exciton resonances were observed in the

experimental runs, the theoretical formulation must include both

contributions. This can be accomplished most easily by describing
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the A-exciton dispersion eqﬁation by Eq. (4.25) while the B-exciton
is included as a classical oscillator [Eq. (4.25) with n* set equal
to infinity]. These two contributions can be included in Eq. (4.25)
by allowing the background dielectric constant to become a classical

oscillator function of w:

2-
> epw) = & + 4mapuop (6.4)

m2 - wz - imI‘B

°B

€

Here Eb is the background dielectric constant which excludes a con-
tribution from the B-exciton, 4ﬂu°B is proportional to the B-exciton's
oscillator strength, m°B is the B-exciton’s transverse frequency and
FB is its damping constant. Since the main concern in this analysis
is te fit the reflectivity curve of the A-exciton, the values cof

4o and Ty, which are displayed in Table 6-3, were obtained

%op’ Yop
on a trial and error basis (no fitting between the theoretical classi-
cal oscillator model and the experimental B-exciton reflectivity was

performed).
Substitution of Eq. (6.4) into Eq. (4.25) results in the polariton
dispersion equation (in cm-l):

4na,m§ (6.5)
Wi + B2 ~ w2 = uT

kZ .
07 = Eb(w) +

which results, once again, in two simultaneous propagating polariton
modes, ii' The complex refractive index for each of these modes is
obtained through the relation

ey = Ry ) L .12 (6.6)

W
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The theoretical expression for the reflectivity, given by

Eq. (4.49) now becomes:

- - 2
a (l n ) 6.7)

¢ )~ 3 [l-ﬁcz

3, (1+i'1cl]- 51(1+ﬁc2)

where the three ABC expressions in Eq. (4.39) are now expressed as:

- =2

8y =B, - £, (W) ABC1 (6.8a)

- - .2

a; = _nci(nci - eplw)) ABC2 (6.8b)

ag = —— L ABC3 (6.8¢c)
i=1,2

The theoretical reflectivity expression given by Eq. (6.7) above
w;s then fitted to the corrected experimental reflectivity expression
Eq. (6.3) for each of the three ABCs [Eq. (6.8a) - (6.8¢c)] via a non-
linear least square fitting program. During this analysis, the A and
B exciton parameters displayed in Tables 6~1 and 6-~3 were held fixed
vhile the A-exciton damping constant T and the background dielectric
constant €} were allowed to vary. Fitting occurred over the frequency
region from 20654.Zcm—1 to 20482.1:::11—1 which included the A-exciton
resonance only. Figs. 6-11, 6-12 and 6-13 illustrate the best fits
between the theoretical and experimental reflectivity expressions for
ABCl, 2 and 3 respectively, while Table 6-4 shows the best fit values
of T and Eb for each of the ABCs., Further discussion on these results
will be continued in Chap. VII.

D. ABSORPTION MEASUREMENTS

In a separate attempt to determine the value of the exciton
damping constant I', absorption measurements were performed on the same

CdS sample used in the RBS and reflectivity experiments previously
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FIG. 6-11 Non-linear least squares fit of the theoretical
reflectivity expression using ABCl to the experi-
mental ;ﬁflectivity. Best fit coefficients are
listed in Table 6=4, The theoretical curves are
the solid lines while the experimental expression is
illustratéd by the data points. The arrows indicate
the frequency region in which fitting was taking
place. Reflectivity percentage is shown along the

y=-axis.
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FIG. 6-12 Non-linear least squares fit of the theoreticel
reflectivity expression using ABC2 to the experi-
mental reflectivity. Best f£it coefficients are
listed in Table 6~4. The theoretical curves are
the so0lid lines while the experimental expression is
illustrated by the data points. ' The arrows indicate
the frequency region in which fitting was taking
place, Reflectivity percentage is shown along the

y-axis.
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F1G. 6-13 Non~linear least squares fit of the theoretical
reflectivity expression using ABC3 to the experi-
mental reflectivity. Best fit coefficients are
listed in Table 6-4, The theoretical curves are
the solid lines while the experimental expression
is illustrated by the date points. The arrows in-
dicate the frequency region in which fitting was
taking place. Reflectivity percentage is shown

along the y-axis.
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discussed in Sections B and C. The absorption measurements were
performed at 4.2°K over the frequency region 20540 £ Wy b3
20670cm (il 1e, EIJ_E]: The experiment utilized the dye laser
to change the incident frequency over this region, The intensity
of the transmitted light through the crystal, in addition to the
intensity of a reference beam used to correct for equipment varia-
tions at different laser frequencies, was measured by scanning the
grating spectrometer over the incident laser frequency. It was
noticed, however, that small depolarization effects from the polariza-
tion rotator and the fused quartz dewar windows resulted in the inci-
dent polarization having a small component parallel to ¢ and thus
yielding a larger transmission through the sample. In an attempt
to partially remedy thié problem, a sma;l polarizer was placed inside
the helium dewar to insure a maximum incident polarization perpendicular
to the c-axis.

The theoretical calculation of the optical density is performed
with the use of Eqs. (4.47), (4.48) and (4.50). The ratio of the

transmitted light through the crystal to the incident laser 1ight is

given by:
ext
I 2
T "'ZK".L ]
ewt ) T (ep) 7711 T Cwp) (6.9)
I

i=1

where Ti(wx) is given by Egs. (4.47) and (4.48) (for 1 = 1 and 2
respectively) and T{ (wI) is given by Eq. (4.50). Kf; is the imaginary
part of the-ith polariton wavevector and L is the sample thickness,
(Interference effects between the two propagating modes in addition

to multiple reflections from the sample surfaces have been neglected
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in the calculation of (6.9)). The optical density is:

_Ie.xt
0.D. = log Y
10 [Iext]
1

The curves resulting from the substitution of Eq. (6.9) into

{6.10)

Eq. (6.10) using ABCl [Eq. (4.39)] are shown in Fig. 6-14 for six
different values of I'. Plotted also are the experimentally measured
optical densities for several different incident laser frequencies,
The T'=-value of ~'0.05r;m-l in the frequency region between 20560 and
20580cmm1 seems to be the most_appropriate one. One can then state
that this value of T should be considered as a lower bound since
more light is probably being transmitted thfough the crystal due to

the depolarization effects mentioned earlier.
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FIG. 6-14 Comparison between theoretical and experimental
optical density expressions. The theoretical
optical density expression utilizes transmissivity
expressions from Chap. IV using ABCl, Six values

of T have been chosen.

(a) T =0.01l eml, (B) T = 0,02 em-!
(¢) T=0.05cen!, (@ T =0.1 cm!
(e) T =0.2 em™!, (£) T = 0.5 em™!?

Other parameters used are from Table 6-1,
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TABLE 6~1 BEST FIT VALUES OF THE EXCITON PARAMETERS

FOR THE n = 1 A-EXCITON IN CdS

Winterling
and
Current Values Koteles 60)
Dielectric Constant _ 9,38 9.3
b
Effective Mass 0.83me 0.8%me
m*
Oscillator Strength . 0.0142 0.0139
4o
0
Transverse Frequency 20588, 8cm™! 20589, 5¢cm™!
Y1

137



TABLE 6-2 VALUES USED IN THE EXPRESSIONS FOR THE DEFORMATION

POTENTIAL AND PIEZOELECTRIC INTERACTIONS

Sound Velocities(BO)

Copp = 4:25 x 10°cun/sec

Capy = 1.76 x 10°cm/sec
Crystal Density(so)

p = 4.84 gn/cm®
Piezoelectric Constant(Sg)

e;5 = -0.21 coul /m?

(81)

Deformation Potentials

Db = -2.9 eV

A-Exciton Bohr Radius(53)

[-]

ag = 284
Effective Hole Mass (60)
mF = 0.7 mg
(51)

Effective Electron Mass

mg = 0.2 me
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TABLE 6-3 VALUES USED FOR THE CLASSICAL OSCILLATOR

DESCRIPTION OF THE B-EXCITON

Oscillator Strength

QMOB 0.01

Transverse Frequency
we 20710.0 cm™!
B
Damping Constant

-1
TB 7.0 cm
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TABLE 6-4 BEST FIT VALUES FOR T AND Eb RESULTING FROM

REFLECTIVITY ANALYSIS FOR EACH OF THE THREE ABCs

ABC1 ABC2 ABC3
T 2.09 cm~! 6.97 cm™! 5.04 cm~!
ep,  9.54 11.02 10.17
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CHAPTER VII

DISCUSSION

A. INTRODUCTION

Discussions concerning the RBS and reflectivity results will be
presented in this chapter. Some additional comparisons between the
experimental reflectivity expression and a slightly revised theoretical
reflectivity expression will also be made. Some general remarks will
be made concerning the theoretical calculation of Chap. IV and the
experiment of Chap. V. A summary of the conclusions is then given

along with suggestions for future calculations and experiments.

B, DISCUSSION OF THE RBS RESULTS

The non-linear least squares fitting of the theory (Chap. VI. Sec.B)
to the Brillouin shift measurements resulted in revised values of the
CdS A-exciton parameters: 4nu0, w*, €y Y (see Table 6-1). These
values were then incorporated into the theoretical linewidth expres-
sion given by Eq. (6.1) for comparison with the measured full width
at half maximum of the Stokes TA (2-2') components. These comparisons

showed that for w < Wp a value of T between 0.3 cm~! and 0.5 cm~!

might be appropriate.* However, in the frequency region between W and

w. , the observed FWHM of the TA lines increases monotonically. A

L
gimilar trend was also observed for the Stokes LA (2-2') components.

(82)

K. Cho has suggested that for branch 2 polaritons near resonance.

(w

T LW f_mL), new decay channels should come into effect due to the

2
+Flynn and Geschwind(a‘) have also conducted linewidth measurements on
CdS. They observed from their samples much narrower linewidths for
both TA and LA Brillouin components.
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increase in momentum. This would then rasult in an iacrease of T
with increasing frequency, in qualitative agreemenrs with our FWEM
data.

The theoretical éxternal differential scattering cross saction
analysis utilized the values of the sxcitoun parametars obtained from
the Brillouin shift analysis. The value of [ was taken to be 0.5 cm™!
as discussed above. The comparisons seen in Figs. 6-8 and 6-9 indicata
that ABCZ most closely raflecﬁs the behavior of the 3rillouin intzrnsity
data for the Stokes LA (2-2') and TA (2-2') components. No attempc

was made to further fit the three theoratical curves in Figs.6-8 and 5-9.

The implication of Fig. 6-10 is that che general trand of the
Stokes LA (1-1') Brillouin iatensity versus incident frequency £follows
the cheoreCiéal predictions with any of the three ABCs. However, when
normalized against the Stokes LA (2-2') intemsitcies of Fig., 6-8
(closed circlas) one sees that the intensity razio T(1l-1')/I(2-2') is
aboutr 100 times smaller than predicted. Since both processes ars
mediated by deformation potential scattering, cheir relacive strengths
ara governed by diffarances in transmissivity, excitom straagth
functions, energy and group velocicies, and the real and imaginarcy
parts of the polariton wavevectors. Tne group (or emergy) velocity
is particularly significant because the inner branch polaritons par-
ticipating ia (l-1') scactaring nave very small velocitles lzading to

a large predictad cross section since vz, {wp) and Gy (wg) both occur

)
%
Y

ia the denominator of Eq. {4.33).
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C. DISCUSSION ON THE. REFLECTIVITY RESULTS

The reflectivity fits between theory (Eq. 6.7) and experiment
(Eq. 6.3) in Chap. VI were not very good for the RBS values listed
in Table 6-1. All fits resulted in large values for both the back-
‘ground dielectric constant Eb and the exciton damping constant T,
In an attempt to improve the fits of the reflectivity, a dead layer
(see Chap. I, Séc. C)was incorporated into the anglysis.+ Once again,
the A aﬁd B exciton parémeters of Tables 6-~1 and 6«3 were held
fixed whilé four parameters; T, Ef’ £, n were varied, Here & is the
thickness of the dead layer‘ﬁhich is described by a real index of re-
fraction n, Utilization is now made of the reflectivity expression

derived by Hopfield and,Thomas(ga:

1-n ]2
R = 3 (7.1)
B |

where
[ (o) iy ] | (7.2)
g = 0O .
° (nytn)e~2ikl4n-ny
Now the three ABCs become
a, = Deyle, *epWw) ABCL (7.3a)

e * Fl"2

n. n. (A, 40

0 C1 c?.(ncl cz) - -

A % (a. )24n. n. +(ne ) ~en (w)
| c fe,TRe,) T

ABC2 (7.3b)

np = ﬁcl*'ﬁcz“ne ABC3 (7.3¢)
where ﬁci is defined by Eq. (6.6) and ep(w) by Eq. (6.4).

By substituting each one of the equatiloms in Eq. (7.3) into Eq.
(7.2) and then substituting the latter into Eq. (7.1}, the theoretical

reflectivity for each ABC could be fitted to the corrected experimental

T A dead layer effect was not considered in Chap. VI, Sec, C since the
experimental reflectivity did not show a spike at - )
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reflectivity in Eq. (6.3). The results of this analysis are given in
Figs. 7-1, 7-2, and 7-3. The best fit coefficients for each ABC is
given in Table 7-1. Once again, all fitting was done between
.20654.2cm‘1 and 20482.1cm*1. It can now he seen that the minimum

of the theoretical reflectivity spectrum in the A-exciton resonance
region has decreased for all ABCs when compared with Figs, 6-11

through 6-13. ABCl in Fig. 7-1 fits the region around Wy of the

A-gxciton extremely well. However, each ABC gives a relatively good fit.

D. GENERAL REMARKS

Although the theoretical external scattering cross section
given in Eq. (4.53) differs in origin from that of BZB's scattering
efficiency in which they considered the entire scattering process as
a single unified event, it can be shown to be very similar if the
deformation potential interaction kernel ng(q) given in Eq. (4.18)
is assumed to be independent of wavevector q. Choosing the exciton
damping parameter T to be 10 cm_1 and setting Tgp(q) = constant
results in a theoretical external scattering cross section yielding
plots for the three ABCs which are similar to Fig. 5 of the BZB
paper.(l)

However, the g dependence in the expression for the deformation
potential interaction kermel 1s essential fo; the comparison between
theory (using ABCZ) and expériment. This is illustrated in Fig, 7-4
where ng(q) is assumed to be q—independeﬁt. The walues in Table 6-1
are used once again with T' = 0.5 cmpl. ‘'The data now seems to fall

between ABC2 and ABC3. It is unclear which of these ABCs, if either,

best describes the data. Hence, the q-féctdr in T:p(q) is extremely
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FIG. 7-1

Non-linear least squares fit of the theoretical
reflectivity expression using ABCl plus a dead
layer to the experimental reflectivity expression.
Best fit coefficients are listed in Table 7-1.

The theoretical curves are the solid lines while
the experimental expression is illustrated by the
data points. The arrows indicate the frequency
region in which fitting was taking place. Re-

flectivity percentage is showm along the y-axis.,
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FIG. 7-2 Non-~linear least squares fit of the theoretical
reflectivity expression using ABC2 plus a dead
layer to the experimental reflectivity expression.
Best fit coefficients are listed in Table 7-1.

The theoretical curves are the solid lines while
the experimental expression is illustrated by the
data points. The arrows indicate the frequency
region in which fitting was -taking place. Re-

flectivity percentage is shown along the y-axis.
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FIG. 7-3 Non-linear least squares fit of the theoretical
reflectivity expression using ABC3 plus a dead layer
to the experimental reflectivity expression. Best
fit coefficients are listed im Table 7-1., The
theoretical curves are the solid lines while the
experimental expression is illustrated by the data
points. The arrows indicate the frequency region
in which fitting was taking place. Reflectivity

percentage is shown along the y-axis.
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FIG.

7-4

Loglﬂ comparison of the thecoretical external scattering
cross section for the Stokes LA (2-2') scattering for
various ABCs with the log;, of the experimentally
measured Brillouin intensities. The theoretical cross
section was calculated here assuming the deformation
potential interaction was a constant. Open squares
(closed circles) represent the data which has been

obtained with a FSR equal to 5.87 em=! (12.63 cm-l).
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important and can not be ignored when comparing the scattering
cress section (or efficiency) with Brillouin intensity data.

Several problems were present, both in the experiment and
the calculation, As was discussed in Chap. IV, Sec. B, mode hops
occurfed on the average of one every five minutes. In addition,
the data, at times, showed differences in the Rayleigh line
intensities. Since several scans were usually recorded for each
frequency of the dye laser, the records that showed no additional
thin etalon modes and were of approximately equal Rayleigh inten-
sity for both lines during the scan were the ones that were
analyzed.

A serious problem arises when calculating the transmissivity.
According to the analysis, when evaluating the sum of the trans-
missivities [Eqs. (4.47) and (4.48)) from vacuum to medium and the
reflectivity [Eq. (4.49)], the result T,(w) + T,(w) + R(w) = 1.0
helds at all frequencies when I' = 0 and when ABCl and ABC2 are
considered. But when T is increased, ABCl gives a sum more than
1.0 and ABC2 vields a sum less than 1.0 in the frequency region
and ©. . Both ABCl and ABC2 yield a sum much more than

T L
one for T 2 T, [see Eq. (4.27)] near e ABC3 does not yield the

between w

correct sum of 1,0 even when T = 0 since it does not satisfy energy

(79) ABC3 yields the same strange

conservation at the surface.
behavior near Wy for I 2 I'c as ABCl and ABC2, Calculations of

the transmissivity of mode-2 polaritons exhibit a sharp peak near
W for T 2 Te, the height of which goes well beyond 1.0. A similar

problem exists for the transmissivity from medium to wvacuum.
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E. SUMMARY OF RESULTS AND POSSIBLE EXTENSIONS OF THE THEORETICAL

CALCULATIONS AND EXPERIMENTAL INVESTIGATIONS

High resolution resonant Brillouin scattering was performed on 2
cadmium sulphide crystal. These RBS investigations were supplemented
by reflectivity experiments conducted on the same sample. The results
of all these experiments, when compared with theory, are summarized
below:

The observation of both the inner and outer polariton branches
participating in the scattering of acoustic phonons, has resulted in
additional Brillouin shift measurements not seen in previous RBS ex-

(28,30) The accurate determination of these shifts, when

periments.
compared with theory, have yielded revised values of the A-exciton
parameters.,

Broadening of both LA and TA (2-2') Stokes components was observed.
Linewidth measurements have set an upper limit on the exciton damping
parameter T of 0.5 em~! for u < Wpe However, for w > Weps linewidths
of both the LA and TA components increase monotonically with increasing
frequency. This increase in linewidth may be associated with an increase
in the number of decay channels available to the mode 2 polariton as
its frequency is increased through the A-exciton resonance.

Brillouin intensity measurements of different one phonon scattering
processes were compared with a theoretical external differential
scattering cross section calculation which included a factorization
procedure. The intensity measurements of the Stokes LA (2-2') and

TA (2~2') components (which result from deformation potential and

piezoelectric interactions respectively) were in much better agreement
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with the theoretical calculation including ABC2 than with either

ABCl or ABC3. However, the relative intensity of the Stokes LA (1-1')
to the Stokes LA (2-2') was a factor of 100 smaller than predicted

by the theory with any of the ABCs.

Comparisons between reflectivity measurements and theory showed
that muchbetter fits could be obtained when a dead layer was incor-
porated into the analysis, even though no reflectivity "spike" was
observed near the wy, frequency. With the dead layer included, a good
fit between theory and experiment could be obtained for all the ABCs.

The reflectivity analysis suggests that in future calculations
the dead layer effect should be imncorporated into the theoretical ex-
ternal differential scattering cross section. Non-linear least squares
fit between this revised theoretical cross.section calculation and the
measured Brillouin intensity data can then be made for gach ABC. This
type of analysis has already been done to séme extent by Yu and

(29) These authors incorporated a lossy dead layer into

Evangelisti,
their theory and, upon comparison with their measured data, found that
ABC3 produced the best fit to the Stokes LA (2-2') components. How-
ever, their intensity measurements were obtained using a grating
spectrometer which has a much lower resolution than the triple pass
Fabry~Perot interferometer utilized in the RBS experiments discussed
in this thesis, and were limited to the 2-2' Brillouin components.
Future experimental investigations which should be considered
include (1) deconvolution of digitally recorded resomant Brillouin
scattering speétra which would result in more accurate measurements

of the Brillouin linewidth and intemsity; (ii) extending the magnectic

field experiments of Broser and Rosenzweig which were discussed in
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Chap. I by utilizing Fabry-Perot interferometry. These experiments

will be initiated in our laboratory by Mr. Lu and Professor Shigenari.

n
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TABLE 7-1 BEST FIT VALUES FOR T, €, & AND n RESULTING FROM

b’

THE REFLECTIVITY ANALYSIS FOR EACH OF THE THREE ABCs

ABC1 ABC2 ABC3
0.582 cm~! 6.36 cm~! 3.765 cm~!
&.788 7.46 7.414
161.5 A 148,3 A - 112.2 &
1.92 2.68 2.83
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APPENDIX

ANALYTIC EXPRESSION FOR THE ENERGY VELOCITY |

(74,79)

It has been shown by several authors that the energy density
-and the Poynting vector, when evaluated near an exciton resonance in
a spatially dispersive medium, have both electromagnetic and mechanical

contributions:

- L 2,402
w 3T (ebE +H<) + Wex (A.1)
§af Ealy+? |

=77 ExH +8_ (A.2)

The first terms on the right hand side in Eqs. (A.l) and (A.2) are _

the normally defined electromagnetic energy density and Poynting

vector while

gex = ":!;_ [.%ex x (7 x $ex) +.§ex(v'$ex) ‘ (&.3)

and

- 1 > 12 2 (3 N2
ex Za.owoz [@ex) +mo (Pex)

- 2 -> (a.4)
+ vz(V-Pex) + v (prex)]

+
are the respective mechanical (excitonic) contributions. Here Pex

is just the exciton part of the polarization. The equation of motion

of Fex is given in Eq. (1.5) in Chap. 1 with

v s Efo (A.5)

Eqs. (A.1l) to (A.4) can be shown to satisfy the energy balance equa-

tion

- * T *
f'§.dc + dev + W J’(Pex)zdv =0 {A.6)
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The energy velocity is defined as

(A.7)

VE=

=ilvn

where W and § are the time average of the absolute value of the energy

density and Poynting vector. As is well known, the electromagnetic

contributions have the £orm(62)

- 12 4 2 )

Ay = 272 T g (4.8)
167

§ = o2

Sem = ¢ [E (A.9)

For transverse plane wave polariton modes (V--ﬁex = 0), the mechanical

contributions become

o= 1 2402 4 2.2 (rl el > 12 2

Wex Z;;:z? {w +m° + B*w* (n+ )}_|xex(k,m)| [E|* (a.10)
- 202 2 2

Sex = ZaoZ Xex@a)|” [E] (4.11)

Q w
oo
where Eq. 1.1 from Chap. I has been used to relate Pex and E with

2
o w
Xex(k,m) 00 (A.12)

W HkEvE -~ 1T

which is just Eq. (1.6) minus the background susceptibility term.
Here, 82 = v2/c2. Substituting Eq. (A.12) into the Eqs. (A.10) and

(A.11) and then adding these expressions to Eqs. (A.8) and {(A.9)

yield
- c T 2
5= % Tt (a-13)
e A4 200382k g2 (A.14)
8n I-2%wnk :

Use has been made of the dispersion Eq. (4.25) via its real and

imaginary parts in order to obtain the concise expressions for 5
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and W above. Substitution of Eqs. (A.13) and (A.14) into (A.7) re-
sults in the analytic expression for the energy velocity of an exciton

polariton mode

c
Ve T T (A.. 15)
E n+2¢ln1»<+28rwic (c2-n2)

For 8 = 0, Eq. (A.15) becomes equal to the energy velocity expression
derived by Loudon for an absorbing medium described by the simple

classical dielectric model.
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